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PREFACE 


This  report  was  prepared  by  Amminn  &  V/hitney,  Con¬ 
sulting  Engineers,  New  York,  under  Contract  No.  DA  49-129- 
Eng-506  with  the  Office  of  the  Chief  of  Engineers,  Department 
of  the  Army. 

This  project  is  part  of  the  FY  1962  research  and  devel¬ 
opment  program  of  the  Office  of  Civil  Defense,  Department  of 
Defense.  It  was  assigned  to  the  Office  of  the  Chief  of  Engineers, 
Department  of  the  Army  by  the  Oftice  of  Civil  Defense  in  April 
1962  because  of  its  relation  to  previous  and  current  investiga¬ 
tional  programs  and  studies  in  this  field  being  accomplished 
under  the  technical  guidance  of  that  agency. 
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ABSTRACT 


Presented  ere  the  results  of  a  study  devoted  to  the  es¬ 
tablishment  of  basic  criteria  \nd  shock  isolation  techniques  ap¬ 
plicable  to  hardened  civil  defense  shelters  for  protection  of  per¬ 
sonnel  and  equipment  against  ground  shock  effects  from  nuclear 
weapons.  The  report  includes  >\  comprehensive  review  of  the 
state  of  the  art  covering  background  information  from  which  are 
established  ground-shock  input  dira  and  shock  spectra,  person¬ 
nel  and  equipment  shock  tolerance  criteria,  and  appropriate 
shock-isciation  methods.  General  shock  isolation  schemes,  in¬ 
cluding  spring  systems  and  cushioning  materials,  are  evaluated. 
Design  examples  and  cost  estimatos  of  specific  shock  isolation 
systems  are  presented  and  discusted  for  shallow -buried  struc¬ 
tures  with  populations  of  10,  100  aid  250  persons  at  the  25-, 
100-.  and  300-p.  s.  i.  blast  overprtssure  levels  for  a  20-MT 
surface  burst.  Recommendations  ior  further  study  are  given. 


*  *  * 

Outlined  below  are  brief  summaries  of  the  scope  cf  work 
of  the  contract  and  the  Contractor's  approach,  findings,  and 
recommendations.  This  summary  it  intended  to  enable  the  re¬ 
cipient  of  the  report  to  determine  qt.ickly  whether  the  r<.~  >ri 
will  be  of  „4crs*t  to  btm  or  to  a  m umber  ol  Ms  staff,  lor  a 
comprehensive  technical  summary  and  detailed  conclusions  and 
recommendations,  the  reader  is  referred  to  Chapter  VIII  of  this 
report. 


Scope  of  Work 

I.  Compilation,  review,  and  summarisation  of  available 
pertinent  publications  a.  .;  sources  of  dau  obtained  through  r.  re¬ 
search  of  literature  and  from  meetings  with  agencies  and  ex- 


perts.  Consideration  of  blast  overpressures  up  to  300  p.  s.  i. 
and  a  single  weapon  yield  up  to  20  MT. 

2.  Establishment  of  ground  shock  input  data.  Develop¬ 
ment  of  free -field  ground -shock  spectra  and  design  spectra  for 
a  20 -MT  surface  burst  at  25-,  100-,  and  300-p.  s.  i.  overpres¬ 
sure  levels  applicable  to  various  types  of  shallow -buried  struc¬ 
tures  at  an  average  site. 

i.  Establishment  of  shock  tolerance  criteria  for  per¬ 
sonnel,  equipment,  and  interior  fixtures. 

4.  Evaluation  and  summarization  of  the  most  promising 
general  types  of  shock  isolation  techniques  for  shallow-buried 
structures  at  overpressure  levels  up  to  300  p.  s.  i.  and  a  20-MT 
weapon  yield. 

5.  Development  of  specific  shock  isolation  systems 
which  provide  protection  of  personnel  and  equipment  housed  in 
shallow -buried  personnel  shelters  having  populations  of  10.  100, 
and  250  persons  at  the  25-,  100-,  and  300-p.  s.i.  blast  overpres¬ 
sure  levels  for  a  20-MT  surface  burst. 

6.  Determination  of  approximate  estimates  of  quantities 
and  costs  for  the  design  studies  of  Item  5. 

7.  Establishment  of  recommendations  for  further  study. 


Approach 

1.  Review  and  evaluation  of  pertinent  publications. 

2.  Establishment  of  preliminary  shock  environment  and 
shock  tolerance  criteria. 

i.  Meetings  v  Agencies  and  e«pt  ‘ts  to  discuss  pre¬ 
liminary  criteria  and  'jtablish  the  most  applicable  sources  of 
data. 

4,  Re -evaluation  of  preliminary  criteria  in  conjunction 
with  additional  information. 


5.  Establishment  of  final  shock  environment  and  shock 
tolerance  criteria. 


6.  Evaluation  of  general  shock  isolation  techniques. 

7.  Development  of  design  examples  and  cost  estimates 
for  specific  shock  isolation  systems. 

8.  Establishment  of  conclusions  and  recommendations 
for  further  study. 


bindings 

1.  Shock -isolation  systems  can  be  effectively  and  eco¬ 
nomically  accomplished  for  the  protection  of  personnel  and 
equipment  against  the  effects  of  ground  shock. 

2.  The  design  shock  environment  can  be  adequately  de¬ 
scribed  in  terms  of  shock  response  spectra. 

3.  Shock  tolerances  for  personnel,  as  established  in  the 
study,  can  be  designated  effectively  in  terms  of  either  vibration 
or  impact.  Equipment  shock  tolerances  are  designated  effect¬ 
ively  in  terms  of  vibration 

4.  Effective  methods  of  protection  for  personnel  can  be 
achieved  by  the  use  of  spring -mounted  platforms  or  by  protect¬ 
ive  cushioning  materials.  Protective  clothing  and  restraining 
and  bracing  devict*  can  be  used  to  provide  supplementary  pro¬ 
tection. 


5.  Shock  protection  for  equipment  can  he  provided  **y 
the  use  of  spring -support  systems. 

6.  Ap;  .oprtate  shock -isolation  systems  for  the  shelters 
in  the  design  examples  can  be  accomplished  at  additional  con¬ 
struction  cone  which  vary  from  4  to  65  percent  of  the  cost  of 
norrcspondir.g  non -shock -isolated  eheiters. 


t 


4 


ix 


Recommendations 


It  is  recommended  that  personnel  be  subjected  to  simu¬ 
lated  ground  shod'  motions  so  as  to  substantiate  the  vibration 
and  impact  tolerances  established  in  this  study. 
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CHAPTER  I 


INTRODUCTION 


1  - 1  Objective 

Upon  the  detonation  of  a  nuclear  weapon,  pressure  waves 
of  tremendous  intensity  are  transmitted  into  the  air  and  into  the 
ground.  These  waves,  which  decroase  in  peak  intensity  with 
distance  from  ground  aero,  propagate  radially  outward  from  the 
vicinity  of  the  explosion.  The  resulting  forces  imposed  on  the 
ground  and  on  structures  buried  within  the  earth,  cause  the  mo* 
tions  termed  "ground  shock".  Personnel  and  equipment  housed 
in  shelters  subjected  to  ground  shock  motions  require  protection 
against  possible  injuries  or  damage  which  may  result  from  vi* 
bration  or  impact  forces.  Such  protection  can  be  achieved  by 
providing  an  energy  -absorbing  system  (shock  isolation)  between 
the  structure  shell  and  the  personnel  and  equipment. 

The  purpose  of  this  study  is  to  develop  effective,  econom¬ 
ical  shock  isolation  techniques  applicable  to  hardened  civil  de¬ 
fense  shelters  (or  protection  of  personnel  and  equipment  against 
the  effects  of  ground  shock  from  nuclear  weapons.  Blast  «»*sr- 
pressure  levels  up  to  J00  p.  s.  i.  for  a  20-MT  surface  burst  are 
considered 


I  -2  Description  of  Report 

The  body  of  the  report  comprises  three  groups,  namely. 
(1)  Chapters  U  to  VI  which  contain  basic  criteria  and  g*ne.«« 
shock  isolation  methods.  (2)  Chapter  VII  which  contains  de¬ 
sign  studies.  and  ())  Chapter  VIII  which  summarises  the  infor¬ 
mation  and  datt  presented  in  the  preceding  groups  and  also  pre¬ 
sents  conclusions  and  recommendations.  In  the  appendixes  will 
be  found  the  detailed  background  Informa-on  and  data  from  which 
were  developed  the  contents  of  Chapters  U  to  VI. 

Chapter  U  describes  the  procedure  for  calculating  shock 
spectra  and  includes  a  discussion  of  measured  ground  motions 
and  structure  motions  and  shock  spectrs  concepts. 


Chapters  III  and  IV  cover  the  topic  of  shock  tolerances 
for  personae,  and  for  equipment.  The  results  of  the  research 
are  summarised  and  recommended  tolerance  design  criteria  are 
presented. 

Chapters  V  and  VI  are  devoted  to  general  shock  isolation 
techniques,  including  shock -isolated  platforms,  protective  cush¬ 
ioning  materials,  protective  clothing,  and  restraining  devices. 

Design  studies  of  specific  shock-isolation  systems  are 
developed  and  illustrated  in  Chapter  VII. 

The  appendixes  contain  a  detailed  compilation  of  the 
basic  information  utilised  in  the  body  of  the  report.  To  facili¬ 
tate  the  use  of  the  appendixes,  the  references  prefixed  by  the 
letters  A,  B.  C.  or  D  throughout  the  discussions  in  Chapters  II 
to  VI  Indicate  the  corresponding  sections  of  the  appendixes  which 
are  pertinent. 


CHAPTER  U 


GROUND  MOTION  AND  SHOCK  SPECTRA 

2-1  Meant  ad  Ground  Motions 
and  Structure  Motipne 


Ground  motion:’  resulting  from  a  nuclear  weapon  buret 
may  be  transmitter  through  the  gi-ojnd  in  a  variety  of  ways. 

At  any  particular  gtound  tangs,  the  actual  ground  shock  envir- 
onment  is  a  complex  combination  of  many  effects,  including 
air -induced  shock,  direct-transmitted  ground  shock,  surface 
waves,  reflected  and  refracted  wavee.  and  coupled  effects. 
These  effects  are  further  complicated  by  the  interaction  of  the 
ground  and  a  buried  structure  during  ground  shock. 

For  design  purposes,  ground  motions  associated  with 
nuclear  surface  bursts  (surface  burets  produce  more  severe 
ground  shock  effects  than  air  burets)  are  considered  to  be  In¬ 
duced  by  two  distinct  processes,  namely,  (1)  air -induced 
shock,  and  (2)  direct-transmitted  ground  shock.  The  direct - 
transmitted  ground  shock  is  a  transmission  of  energy  into  the 
ground  in  the  immediate  vicinity  of  As  explosion  and  is  usually 
of  major  importance  only  in  very  high-pressure  regions.  Test 
data  have  indicated  that  the  air -induced  effects  art  substan¬ 
tially  larger  than  the  direct-transmitted  effects  for  the  peak 
overpressures  and  type  of  site  conditions  involved  In  title 
study.  Therefore,  only  the  air -induced  effects  need  he  con¬ 
sidered. 

The  air-induced  shock  is  caused  by  the  blast  wave 
traveling  over  the  ground  surface  and  generating  stress  wrvt* 
into  the  ground  which  create  ground  motions.  The  character¬ 
istics  of  the  air-blast  wave  (Reference  2. 1)  are  a  (Unction  of 
weapon  yield,  height  of  buret,  and  distance  from  ground  aero. 
This  blast  wavs  becomes  the  impulse  to  ‘ding  on  the  ground 
surface,  inducing  the  ground  shock  effects.  For  a  particular 
impulse  loading,  the  resulting  ground  motions  are  dependent 
upon  geological  conditions,  type  of  soil,  and  depth  below  the 
surface. 


Field  measurements  ha  /e  been  recorded  during 


nuclear  weapon  tests.  These  data  have  served  only  as  a  guide 
when  estimating  ground  motions  for  des'gn  inasmuch  as  the 
scope  of  the  test  data  was  limited  to  specific  weapon  sizes 
and  overpressure  ranges,  and  to  site  conditions  which  are 
not  necessr  rily  typical.  However,  these  test  data,  in  con¬ 
junction  with  theoretical  investigations,  have  been  used  as  a 
basis  for  establishing  ground  shock  criteria  for  design  pur¬ 
poses. 

Figures  A- i  to  f  -3  (Appendix  A,  Pages  A -4,  A-5,  b 
A-6)  include  typ.cal  curves  depict* ng  frae -field  vertical  accel¬ 
eration,  velocity,  and  displacement  versus  time  as  recorded 
at  the  Nevada  Test  Site  for  a  40-KT  weapon  yield  (burst  height 
of  approximately  700  feet)  .t  229  p.  «.  i.  peak  overpressure 
as  presented  in  Reference  2.2  (Section  A-2.  2b).  Free -field 
refers  to  the  condition  of  the  ground  for  which  there  arc  no 
buried  structures.  Ciround  motions  are  shown  for  various 
depths  below  the  ground  surface  down  to  SO  fe«t.  These  data 
were  recorded  at  a  ground  range  (distance  from  ground  aero) 
where  the  air-blast  wave  arrived  prior  to  the  ground  wave,  at 
the  varioua  depths.  The  acceleration  data  were  recorded  in 
the  field,  whereas  the  velocity  and  displacement  curves  were 
obtained  by  integration  of  the  acceleration  curves. 

It  is  seen  in  Figure  A-l  that  the  acceleration-time 
curves  are  characterised  by  a  single,  sharp,  downward  peak 
(pulse  duration  of  approximately  10  msec. )  preceded  and  fol¬ 
lowed  by  lower  amplitude  disturbances  which  become  less 
pronounced  with  depth  because  of  modification  of  the  wave 
during  its  travel  through  the  earth.  The  surface  air-blast 
arrival  time  is  designated  by  the  vertical  line  labeled  AB, 
and  the  arrival  tim*  of  the  motion  is  indicated,  tu  this  cat*, 
the  early  minor  disturbances  correspond  to  the  precursor 
(an  auxiliary  air-blast  wave  that  precedes  the  main  incident 
wave),  and  the  peak  acceleration  ie  produced  by  the  larger 
peak  of  the  main  incident  air-blast  wave.  The  ti  ne  of  onset 
of  motion  at  the  surface  ts  the  same  as  the  blast  arrival  time, 
and  tit*  delay  lime  with  respect  to  AB  at  vtrious  depths  is 
the  time  required  for  the  pressure  wsve  to  trevel  from  the 
surface.  The  ecceieratione  following  the  peak  pul  at  art  as¬ 
sociated  with  the  pressure  deray  of  the  air  blast,  the  elastic 
rebound  of  the  soil,  and  the  arrival  of  ground  wave#  from 
sources  closer  to  ground  aero.  Ae  shown  in  Figure  A-i,  e 
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rapid  attenuation  of  the  peak  surface  acceleration  and  a  de¬ 
crease  of  frequency  with  depth  occurred,  both  of  which  are 
typical  of  free -field  accelerations  in  both  the  vertical  and 
horizontal  directions.  The  peak  acceleration  at  the  surface 
(one -foot  depth)  was  188.  3  g, ,  and  the  peak  acceleration  at  the 
50-foot  depth  was  12. 8  g.  (One  g.  is  tike  acceleration  of 
gravity. ) 

For  larger  weapon  yields,  such  as  the  20-MT  surface 
burst  considered  in  this  study,  the  general  characteristics  of 
the  acceleration  curve  would  be  similar  to  the  data  plotted  in 
Figure  A-l  except  that  the  sharp  peak  would  be  followed  by 
disturbances  of  longer  duration  due  to  the  longer  positive- 
phase  duration  of  the  air  blast.  The  occurrence  of  early  dis¬ 
turbances  depends  on  whether  or  not  a  precursor  forms  and 
also  on  the  relative  velocity  of  the  air  -blast  shock  front  and 
the  ground -wave  propagation.  If  the  ground -wave  propagation 
velocity  (seismic  velocity)  is  greater  than  the  velocity  of  the 
air-blast  shock  front,  ground  motions  will  arrive  prior  to  the 
air  blast.  These  motions  are  generated  (air  induced)  at  loca¬ 
tions  closer  to  ground  aero  than  the  ground  range  being  con¬ 
sidered.  J  the  seismic  velocity  is  less  than  the  velocity  of 
the  air-blast  shock  front,  the  onset  of  the  ground  motions  is 
associated  with  the  arrival  of  the  air-blast  wave,  as  is  the 
case  for  the  test  records  shown  above. 

The  peak  incident  pressure  and  the  shock-front  velocity 
of  the  air-blast  wave  decrease  with  distance  from  ground  sero. 
The  seismic  velocity  is  nearly  the  same  value  (tor  particular 
geological  conditions)  regardless  of  the  magnitude  of  the 
ground  waves,  Thus,  as  the  air-blast  wave  travels  away  f  *om 
ground  aero,  a  point  is  reached  beyond  which  ground  motions 
will  arrive  prior  to  the  air-blast  wave.  Such  ground  motions 
may  cause  an  initial  upward  motioni  however,  it  is  expected 
that  these  earl/  disturbances  will  be  of  minor  magnitude  com¬ 
pared  to  the  amplitudes  associated  with  'He  mate  air -Mast 
shock.  For  typical  soil  altea,  the  ground  motions  will  arrive 
prior  to  the  air-blast  wave  at  ground  ranges  where  toe  peak 
incident  overpressures  are  less  that  approximately  100  p.  s.  i. 
The  delay  time  between  the  onset  of  ground  motion  and  toe  ar¬ 
rival  of  tot  air-blast  wave  will,  naturally,  laureate  as  toe  dis¬ 
tance  from  ground  aero  increases. 

As  the  peak  incident  overpressure  decreeses  (t.  e. , 
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increasing  distance  from  ground  aero),  the  upward  peak  accel- 
eration  following  the  sharp  downward  peak  tends  to  increase 
with  respect  to  the  downward  peak  (Reference  2.2).  As  ex* 
ample#,  for  the  overpressures  considered  in  this  study,  at 
the  100-p.  s.  i.  ground  range  the  ratio  of  peak  downward  to  up¬ 
ward  acceleration  would  be  lower  than  at  300  p.  s.  i. ;  and  at 
23  p.  s.  i.  the  upward  peak  may  be  equal  to  the  downward  peak. 

The  accelerations  occurring  prior  to,  and  following,  the 
sharp  downward  peak  depend  on  the  ground  -wav#  contributions 
at  the  particular  site  and  on  the  precursor  effects.  These  can 
combine  to  cause  a  random-type  motion  of  variour  frequencies. 
The  ground-wave  contributions  from  points  closer  to  ground 
aero  tend  to  extend  the  duration  of  the  disturbance  since  they 
may  arrive  after  the  duration  of  the  positive  phase  of  the  air 
blast  (Reference  2.  2). 

A  somewhat  clearer  understanding  of  this  ground  motion 
over  its  entire  duration  can  be  obtained  from  study  of  tbs  free- 
field  ground  velocity  and  displacement  wave  forms. 

Velocity-time  curves,  obtained  from  a  numerical  inte¬ 
gration  of  the  acceleration -Ume  curves,  are  plotted  in  Figure 
A -2.  The  shapes  of  ±t  velocity  curves  sure  similar  to  that  of 
the  air-blast  wave  but  fall  off  somewhat  more  rapidly  than  the 
air-blast  wave  and  become  sere  before  the  end  of  th*  positive 
phase  of  the  air-blast.  The  rebound  of  the  ground  motion  re¬ 
sults  to  s  peak  upward  velocity  which  is  expected  to  he  much 
smaller  than  the  downward  velocity  (Reference  2. 1),  although 
the  rebound  portion  of  the  plotted  curves  Is  not  complete.  As 
may  be  expected,  attenuation  of  tho  velocity  with  depth  bet  •*- 
the  ground  surface  Is  considerably  less  than  that  of  accelera¬ 
tion  since  the  duration  of  die  acceleration  pulse  increases 
with  depth.  The  peak  velocities  vary  from  13.9  to  4. 6b 
ii,  /sec. 

Pit  placement -time  curves,  obtained  from  a  double  in¬ 
tegration  of  the  acceleration  records,  ars  plotted  In  Figure 
A-S.  ft  is  hm  thst  the  wave  forme  exhibit  a  gradual  time  of 
rise  to  the  peak  value  which  occurs  approximatsly  at  the  end 
of  the  positive  phase  of  *e  air  blast;  however,  for  other  site 
conditions  the  peak  displacement  mine  may  occur  at  an  earlier 
ttme.  Actually,  a  near -peak  value  occurs  consiaerehly  before 
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the  end  of  the  positive  phase  inasmuch  as  most  of  the  impulse 
is  expended  in  the  early  portion  of  the  sir -blast  wave  because 
of  the  rarid  decay.  These  displacement  curves  obtained  by 
integration  of  the  acceleration  records  are  not  valid  beyond 
the  peak  displacement  value.  Other  data  of  direct  displace  - 
ment  measurements,  as  presented  in  Reference  2.  3  (Section 
A-2.2c)  and  Reference  2.4  (S»*',icn  A *2.  2d),  indicate  that, 
after  the  peak  downward  displacement,  the  displace  ,i  m  re¬ 
bounds  because  of  elastic  action  and  quickly  damps  ov».  hav¬ 
ing  a  residual  permanent  displacement  due  to  plastic  atw>-«. 

As  shown  in  Figure  A-3,  the  attenuator,  nf  the  ptak  .*r - 

mont  with  depth  is  gradual.  The  pea!>  displacements  va.  y 
from  3  to  1.  i  inches. 

It  is  to  be  noted  that  the  ditplsceir ^ut  and  velocity 
ground  motions  ere  characterised  by  ^  p>  .-dominant  single 
downward  pulse  followed  by  an  upward  pulse  of  lesser  ampli¬ 
tude  end  then  by  a  quick  damping  out  of  the  motion.  In  tbe 
case  of  the  displacement,  the  rehound  may  recover  only  a 
portion  of  the  peak  downward  motion  and  not  result  in  any  net 
upward  value.  The  duration  of  the  downward  velocity  pulse  la 
in  the  order  of  the  positive-phase  duration  of  the  air  blaet, 
and  tha  duration  of  the  corresponding  downward  displacement 
pulse  would  be  in  the  order  of  twice  the  positive  -phase  dura¬ 
tion  A*  previously  indicated,  the  acceleration  waveform  is 
characterised  by  a  single,  sharp,  downwar-  peak  followed  by 
an  upward  peak  and  then  by  a  high-frequency  random -type 
acceleration  of  lower  amplitude.  The  sharp  downward  accel - 
ernUon  poise  results  in  the  peak  ground  velocity,  and  the 
subsequent  acceleration#  correspond  to  the  decay  and  r  'bound 
of  the  velocity  pulse  which,  of  course,  signifies  that  the  n.t 
area  under  the  acceleration-time  curve,  following  the  down¬ 
ward  pulse,  is  in  the  upward  direction. 

Generally  the  horisonui  free -field  ground  motions 
have  characteristics  similar  to  those  of  srHeal  motions  in 
which  case  the  m.tisl  peak  motion  is  outward  from  ground 
sero  ard  is  followed  by  s  rebound  in  the  opposite  direction. 

The  recorded  free -field  ground  motions  illustrate 
general  ground -shock  phenomena  associated  with  a  nuclear 
explosion.  Actual  ground  shock  motions  for  different  site 
conditions  and  other  shock  levels  are  uncertain.  However,  the 


jarameters  affecting  variations  with  regard  to  peak  intensity- 
can  be  discussed.  It  is  generally  expected  that  the  peak  ac- 
celerations  and  the  peak  velocities  increase  proportionally  to 
the  peak  incident,  overpressure  of  the  air-blast  wave  and  are 
essentially  independent  of  the  weapon  yield.  The  peak  dis¬ 
placement  is  proportional  to  the  impulse  of  the  air-blast  wave 
and  is,  therefore,  dependent  upon  both  the  weapon  yield  and 
the  peak  incident  overpressure.  Thus,  for  weapon  yields  in 
the  megaton  range,  the  peak  displacement  values,  at  a  ?29 
p.  s.  i.  ground  range,  would  be  higher  than  those  recorded  for 
the  40 -KT  nuclear  burst  plotted  in  Figure  A-3,  assuming  that 
such  a  test  were  conducted  at  a  site  similar  to  the  Nevada 
Test  Site.  The  strength  and  stiffness  of  the  ground  also  af¬ 
fect  the  peak  intensity  of  the  ground  shock  motions.  The 
peak  intensities  of  the  motions  are  assumed  to  be  proportional 
to  the  seismic  velocity  of  the  ground  as  will  be  explained  in 
Section  2-3.  The  seismic  velocities  of  the  soil  layers  down  to 
650  feet  below  the  ground  surface  at  the  Nevada  Test  Site  are 
lower  than  those  usually  encountered  at  many  construction 
sites. 


It  is  important  to  note  that  the  ground  motions  described 
above  are  free -field  motions  inasmuch  as  there  were  no 
structures  or  other  large  discontinuities  of  mass  present  in 
the  ground  in  the  area  of  the  test  measurements.  The  motion 
of  a  buried  structure,  compared  to  the  free-field  ground  mo¬ 
tions,  would  depend  on  the  dimensions  and  mats  of  the  struc¬ 
ture.  Generally,  a  small  light  structure  would  tend  to  move 
with  the  surrounding  soil  in  accordance  with  free-field  mo¬ 
tions,  whereas  the  motions  of  a  larger  structure  would  not  be 
the  same  as  the  free-field  motions. 

Except  for  an  extremely  long  structure  parallel  to 
the  direction  of  the  blast  wavs,  the  latter  will  completely  en¬ 
gulf  the  structure  and  surrounding  soil.  The  loading  lasting 
several  seconds  (for  megaton  weapon  yi»  '-is),  would  cause 
the  structure  to  experience  a  peak  displacement  of  the  tame 
order  of  magnitude  as  that  of  the  peak  free-field  displacement 
since  the  soil  beneath  the  structure  receives  a  total  impulse, 
transmitted  through  the  structure  foundation,  similar  to  that 
in  the  cate  of  the  free-field  impulse  loading.  However,  the 
peak  acceleration  of  tha  structure  (considered  as  a  rigid 
body)  would  be  less  than  the  peak  ground  acceleration 
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in  the  free  field  because  of  the  longer  rise  time  of  the  loading 
on  the  structure. 


Theoretically,  in  order  to  determine  the  motions  of 
an  underground  shelter,  it  is  necessary  to  evaluate  the  inter¬ 
action  of  the  structure  and  surrounding  soil  during  the  trans¬ 
ient  ground  shock  motions.  The  phenomena  associated  with 
these  interaction  effects  are  extremely  complex  and  difficult 
to  analyze,  and  it  is  necessary  that  simplified  conditions  be 
assumed  to  obtain  even  an  approximate  solution.  For  design 
purposes,  one  such  solution  is  obtained  by  means  of  ground- 
shock  response  spectra  in  which  case  the  shock  effects  of 
estimated  peak  ground  motions  are  represented  in  terms  of 
the  peak  dynamic  response  of  the  structure  and  its  contents  to 
the  shock  environment.  Shock  spectra  concepts  and  the  pro¬ 
cedure  for  calculation  of  shock  spectra  will  be  described  in 
the  following  sections. 


2-2  Shock  Spectra  Concepts 

When  structural  systems  or  equipment  sure  subjected 
to  a  base  disturbance,  as  for  example  that  arising  from  the 
ground  motion  associated  with  a  nuclear  blast,  the  response 
of  the  system  is  governed  by  the  distribution  and  magnitude  •'f 
the  maeses  and  the  resistance  element*.  A  knowledge  of  the 
response  of  systems  subjected  to  such  loadings  is  extremely 
important  from  the  standpoint  of  design  in  order  to  protect 
the  ctrueture,  equipment,  and  personnel  from  shock  damage. 
It  ia  nacaasary  to  consider  the  tr  an  emission  of  shock  and  vi¬ 
bration  to  only  die  interior  structural  components  and  w- 
tants  of  tha  structure,  since  for  exterior  portions  ol  the  struc¬ 
ture,  it  is  generally  sufficient  to  consider  the  predominant 
effect  of  tha  direct  pressure  only  when  analysing  and  designing 
individual  exterior  portions  of  the  structure. 

For  purposes  of  assessing  the  relative  effects  on  com¬ 
ponents  of  a  structure,  or  the  effect*  on  item*  mounted  within 
the  ctrueture,  one  of  the  simplest  interpretations  of  ground 
motion  data  involvts  the  concept  of  the  response  spectrum, 
which  is  a  plot  of  frequency  versus  maximum  response  of  a 
simple  linear  oscillator  subjected  to  a  given  input  motion. 
Studies  of  ahock  spectra  that  have  been  determined  from 
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ground  motion  measurements,  from  both  blast  and  earth¬ 
quake  sources,  suggest  that  response  spectra  can  be  described 
in  a  relatively  simple  manner  in  terms  of  the  maximum  val¬ 
ues  of  ground  displacement,  velocity,  and  acceleration. 

As  discussed  in  the  previous  section,  the  time  history 
of  the  actual  ground  motions  caused  by  the  passage  of  a  shock 
wave  over  the  surface  is  very  complex  and  subject  to  consid¬ 
erable  uncertainty  for  site  conditions  and  shock  levels  dif¬ 
ferent  from  those  of  the  full-scale  nuclear  tests.  However, 
the  principal  effects  on  equipment  and  structural  components 
can  be  described  quite  readily  by  use  of  the  concept  of  the 
shock  response  spectrum. 

An  item  of  equipment  or  an  internal  element  of  a 
structure  supported  at  a  point  in  an  underground  structure 
subjected  to  ground  shock  motions  can  be  represented  as  a 
simple  oscillator  as  shown  in  Figure  2-1.  This  oscillator 
represents  a  single-degree -of -freedom  system  which  signi¬ 
fies  that  only  one  generalised  coordinate,  u,  is  necessary  to 
specify  the  relative  motion  of  the  mass  m.  The  oscillator 
shown  is  an  undamped  system. 

The  absolute  motion  of  the  mass  m  is  designated  y, 
the  ground  motion  or  support  motion  by  x,  and  the  motion  of 
the  mass  relative  to  the  support  by  u.  The  resistance  (force 
developed)  of  the  supporting  spring  connecting  the  mass  to  the 
ground  is  t  in  which  r  ■  ku,  where  h  is  the  spring  con¬ 
stant  for  the  spring. 

The  natural  circular  frequency  (radians  per  second; 
of  the  oscillator  is  given  by  the  equation: 


and  the  natural  frequency  (c.  p.  s. )  by: 
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For  a  given  transient  ground  motion  x(t),  the  mass  m 
will  be  set  into  motion.  Considering  the  ground  acceleration 
it  (t),  the  governing  differential  equation  of  motion  in  terms 
of  the  motion  of  the  mass  relative  to  the  ground  motion  is: 

u  +  ai  ^u  =  -  x 

The  solution  of  this  equation  (Reference  2.  5)  is  the 
response  of  the  oscillator  to  the  ground  motion.  This  re¬ 
sponse  is  the  displacement  u  relative  to  the  ground  motion  or 
support  motion.  The  maximum  value  of  u  is  called  the  dis¬ 
placement  response  spectrum,  denoted  herein  by  the  symbol 
D.  The  maximum  value  of  the  absolute  acceleration  of  the 
mass  m  is  called  the  acceleration  response  spectrum,  and 
is  denoted  here  by  the  symbol  A.  The  maximum  value  of  the 
mass  m  relative  to  the  support  is  approximately  equal  to  a 
quantity  called  the  "pseudo -velocity"  response  spectrum  V. 
The  maximum  responses  lor  the  case  of  a  small  amount  of 
damping  would  be  approximately  die  same  as  those  calculated 
for  the  undamped  oscillator. 

The  relations  between  D,  V,  and  A  are; 

D  *  Displacement  Spectrum 

V  ■  eD  >  Velocity  Spectrum 

A  ■  arD  a  Acceleration  Spectrum 

For  a  given  input  motion  the  values  of  D,  V,  and  A 
are  functions  only  of  the  frequency  f  of  the  oscillator  (or  sys¬ 
tem)  considered.  A  single  plot  of  tht  values  of  D,  V,  and  A 
can  be  drawn,  as  functions  of  frequency,  by  uee  of  the  ty* 
of  chart  shown  in  Figure  2-2.  Spectrum  value*  derived  ft  *m 
test  measurements  generally  form  a  curve  of  the  shape  Indi¬ 
cated  by  the  dashed  Une.  As  will  be  discussed  in  the  follow¬ 
ing  section,  design  spectra  curve*  can  be  calculated  on  die 
basis  of  peak  ground  motions.  Such  sp-ctra  are  represented 
by  a  straight-line  plot  as  shown  by  the  solid  Hne  in  figure 
2-2.  This  straight-line  plot  constitutes  an  approximate 
spectra  "envelope". 

The  spectra  grid  it  a  log -log  plot  determined  by  mul¬ 
tiplication  of  the  displacement  spectrum  values  by  the  cir¬ 
cular  frequency  at  and  the  circular  frequency  squared  tr , 
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thereby  giving  the  velocity  spectrum  and  the  acceleration 
spectrum,  respectively. 


It  is  shown  in  Figure  2-2  that  the  shape  of  the  spec¬ 
tra  is  such  that  the  highest  displacement  response  (7  inches) 
occurs  in  the  low  frequency  range  and  decreases  as  the  fre¬ 
quency  increases,  whereas  the  acceleration  response  in¬ 
creases  as  the  frequency  increases.  The  highest  accelera¬ 
tion  response  is  125  g.  The  solid  line  is  the  calculated  free- 
field  ground -shock  spectra  at  the  ground  surface  for  a  20-MT 
weapon  yield  at  100  p.  s.  i.  peak  overpressure  level.  For 
example,  an  oscillator  with  a  natural  frequency  equal  to 
S  c.  p.  s.  would  have  the  following  peak  response  to  the  ground 
motions:  displacement  D  equal  to  1. 3  inches  and  accelera¬ 
tion  A  equal  to  3.  2  g.  With  reference  to  Figure  2-1,  this 
means  that  the  deflection  u  of  the  spring  is  1. 3  inches  caus¬ 
ing  a  force  r  equal  to  ku.  The  peak  acceleration  of  the 
mass  is  3. 2  g.  This  acceleration  can  also  be  determined 
by  dividing  ku  by  m. 

Freehold  ground  shock  spectra  have  been  measured 
in  the  f*  ;id  by  recording  the  response  of  reed  gages  (oscil- 
lat'-.s)  of  various  frequencies,  to  the  free -field  ground  mo¬ 
tions.  These  reed  gages  are  mounted  in  a  container  which  is 
buried  in  the  ground.  Spectra  were  also  recorded  within  a 
buried  shel  .rr  by  mounting  reed  gages  to  As  interior  of  the 
structure.  Examples  of  test  measurements  recorded  at  the 
Nevada  Test  are  presented  in  Section  A-3. 2c.  The  designer 
is  usually  confronted  with  the  task  of  establishing  free-field 
ground -shock  spectra  and  design  spectra  for  a  proposed  har¬ 
dened  structure  at  a  site  and  a  protection  level  for  which 
titers  are  no  directly  applicable  test  data  available.  The 
next  section  describes  a  current  procedure  used  for  estim¬ 
ating  such  spectra.  This  procedure  for  calculating  shock 
spectra  is  ussd  in  this  study. 


2-3  Procedure  for  Calculation  of  Shock  Spectra 

From  studies  of  many  earth-shock  response  spectra, 
it  has  been  found  that  the  general  characteristics  and  approx¬ 
imate  magnitudes  of  spectra  values  can  be  plotted  if  the  max¬ 
imum  values  of  ground  displacement,  ground  velocity,  and 
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ground  Acceleration  are  known.  Fortunately,  it  is  not  neces¬ 
sary  that  the  time  history  of  the  ground  or  support  motion  be 
known  to  estimate  response  spectra,  within  the  accuracy  of 
other  weapon  effects  data. 

Equations  for  calculating  the  maximum  values  of  air- 
induced  free -field  ground  displacements.  velocities,  and  ac¬ 
celerations  as  presented  in  Reference  2-6  (Section  A-2.  ?a) 
are  summarised  in  Appendix  C.  According  to  these  equations 
(and  as  discussed  in  Section  2-1),  peak  ground  motions  are  a 
function  of  the  weapon  yi*ld,  peak  incident  overpressure, 
geological  conditions,  and  depth  below  the  ground  surface. 

The  geological  conditions  are  represented  by  the  seismic  vel¬ 
ocity  profile  at  the  sits. 

When  applying  the  equations,  it  is  found  diet  the  peak 
ground  motions  are  approximately  proportional  to  the  seismic 
velocity  profile  as  follows.  The  peak  displacement  is  depen¬ 
dent  on  tiie  seismic  profile  down  to  the  lower  depths  (thous¬ 
ands  of  feet!  and  is  also  dependent  on  the  near  surface  layer. 
The  elastic  component  of  displacement  consists  of  strains 
down  to  great  depths,  whereas  the  plastic  component  occurs 
primarily  in  the  upper  layer.  Small  variations  in  the  depth  of 
the  various  seismic  (ground)  layers  do  not  affect  the  computed 
peak  displacement.  The  peak  velocity  and  the  peak  accelera¬ 
tion  are  dependent  on  the  seismic  velocity  in  the  vicinity  of 
the  depth  being  considered  and  are.  therefore,  sensitive  to 
thickress  of  the  seismic  layers. 

Free  -field  ground  shock  spectra  at  each  depth  depend 
on  the  peak  free-fleld  ground  motions  at  that  depth.  The  low- 
frequency  range  of  the  spectra  depends  on  the  peak  ground 
displacement,  the  high-frequency  range  on  the  peak  displace¬ 
ment,  and  th?  intermediate  frequency  range  on  the  peak  ground 
velocity.  11m  spectra  envelope  (refer  to  solid  line  in  Figure 
2-2)  is  determined  as  described  below  tueference  2.6): 

1.  A  line  parallel  to  the  lines  of  constant  displace¬ 
ment,  drawn  with  magnitude  equa*  to  the  maxi¬ 
mum  ground  displacement  D. 

2.  A  line  of  constant  velocity  drawn  with  a  magnitude 
of  1. 5  times  the  maximum  ground  velocity  V. 
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3.  A  line  parallel  to  the  linea  of  constant  acceleration, 
drawn  with  a  magnitude  equal  to  the  maximum  ac¬ 
celeration. 

It  is  generally  felt  that  spectra  measured  within  a 
structure  would  have  lower  values  at  certain  frequencies  than 
the  free-field  shock  spectra.  As  discussed  in  Section  2-1,  a 
buried  structure  would  tend  to  experience  a  peak  displacement 
of  the  same  order  of  magnitude  as  the  peak  free-field  displace¬ 
ment.  This  means  that  the  low-frequency  portion  of  the  struc¬ 
ture  spectra  would  be  similar  to  that  of  the  free-field  spectra. 

It  is  expected  that  the  peak  acceleration  of  the  structure  (as 
a  rigid  body)  would  be  less  than  the  peak  ground  acceleration. 
This  corresponds  to  lower  responses  in  the  higher  frequency 
range  of  the  structure  spectra  compared  to  diet  of  the  free- 
field  spectra.  Depending  on  the  flexibility  of  an  actual  struc¬ 
ture,  peak  accelerations  of  the  roof  slab  may  be  higher  than 
the  rigid -body  acceleration  of  the  structure  if  the  roof  is  near 
the  ground  surfhce.  la  addition,  it  may  be  possible  to  trans¬ 
mit  high-frequency  ground  accelerations  directly  through  the 
structure  roof  or  walls  although  these  accelerations  would  also 
be  reducet*  because  of  the  structure  flexibility  and  structure 
damping. 

Although  It  is  expected  that  die  peak  acceleration  (and 
thereby  the  acceleration  bound  of  the  spectra)  for  a  buried 
structure  may  be  considerably  less  then  that  of  die  free-field, 
the  extent  of  this  reduction  and  its  exact  dependence  on  the 
parameters  involved  (sine  of  structure  and  geology,  etc. )  is 
not  known.  The  reeommeadadons  presented  in  Section  A -3.  lb 
will  be  followed.  These  recommendations  are  based  on  a  r*.  ■ 
view  of  the  scant  test  data  available  and  on  other  information. 
This  study  includes  shallow -buried  structures  with  an  earth 
cover  in  the  ord;r  of  several  feet.  In  addition,  both  short 
(less  than  30  feet)  and  tall  structures  are  considered.  Geo¬ 
logical  conditions  are  baaed  on  a  toil  alt*.. 

For  abort,  shallow  -buried  structures,  tbs  design  shock 
spectra  for  the  •  true  lutes  shall  be  th*  same  as  the  fret-field 
spectra  at  a  depth  approximately  equal  to  the  mid-height  of 
the  structure. 

For  establishing  design  shock  spectra  for  tail,  shallow  - 
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buried  etrueturee,  it  is  advisable  that  the  free -field  spectra 
at  a  depth  above  the  mid -height  of  structure  be  used.  This  ac¬ 
counts  for  the  added  induced  motions  of  the  structure  due  to 
the  larger  frictional  forces  acting  on  the  exterior  surface  of 
the  shell  of  a  tall  structure.  In  addition,  because  of  the 
rapiJ  attenuation  of  the  peak  free -field  acceleration  with 
d»pth,  the  application  of  the  free -field  spectra  at  the  mid¬ 
night  of  a  tall  structure  would  not  properly  account  for  the  ac¬ 
celeration  of  the  structure,  due  to  the  impact  of  the  blast 
loading  on  the  roof.  Also,  the  displacement  at  the  base  of  a 
tall  structure  will  be  larger  than  the  free  field  at  the  same 
depth  because  of  the  direct  transmission  of  the  virtually  up- 
attenuated  roof  loads  to  the  soil  below  the  foundation  compared 
to  a  considerable  attenuation  in  the  free  field  as  the  blast 
wave  propagates  down  through  the  soil.  For  the  case  of  a 
short  structure  this  effect  would  be  small. 

It  is  important  to  not*  that  these  recommendations  are 
baaed  on  a  soil  site,  and  judgment  must  be  exercised  in  their 
application  with  regard  to  the  changes  in  soil  layering  ad¬ 
jacent  to  the  structure.  For  a  structure  located  on  a  dense  or 
rock-like  material  compared  to  the  soil  above,  application  u*. 
the  free -field  spectra  at  the  mid -height  or  above  may  result 
in  peak  displacements  which  are  too  high. 
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CHAPTER  III 


SHOCK  TOLERANCES  FOR  PERSONNEL 


3-1  Basic  Concept* 

T)>«  purpose  of  «  -ivil  defense  shelter  is  to  provide  per¬ 
sonnel  and  emergency  equipment  with  a  level  of  protection 
against  the  weapon  effects  associated  with  a  nuclear  burst.  For 
blast  shelters,  this  protection  level  is  generally  specified  in 
terms  of  a  particular  peak  incident  overpressure  level  (equiv¬ 
alent  to  a  particular  ground  range)  for  a  particular  weapon  yield 
and  height  of  burst.  Hie  structure  is  designed  to  carry  the 
blast  pressure  loads  without  interior  pressure  buildup.  It  is 
also  designed  to  rsduce  the  thermal  radiation,  nuclear  radia¬ 
tion  ,  and  ground  shock  motions  to  tolerable  levels.  The 
blast-load  structural  design  requirements  will,  in  almost 
every  case,  provide  more  than  enough  thermal  radiation 
ahieldinf.  At  very  low  overpressures  (5-10  p.  s.  i.  and  below) 
additional  shielding  is  generally  required  to  obtain  the  neces¬ 
sary  fallout-radiation  protection.  This  shielding  is  achieved 
by  increasing  the  roof  slab  thickness  or  by  providing  additional 
earth  cover.  For  higher  overpressures,  initial  nuclear- 
radiation  shielding  requirements  may  control  the  roof  thickness 
or  depth  of  earth  cover. 

Ground  shock  motions  cannot  be  completely  prevented 
from  affecting  the  shelter  interior  in  the  manner  that  the  blast 
pressure  loading  is  resisted  by  the  shelter  and  ambient  pres¬ 
sures  are  maintained  Shock  effects  can  be  attenuated  *n*t  not 
eliminated.  The  structure  provide*  only  nominal  protection 
against  the  ground  motions,  dependitqt  upon  the  flexibility  of 
the  structural  members.  For  additional  shock  protection, 
an  energy -absorbing  system  must  be  provided  between  the 
structure  shell  and  the  personnel.  TU  extent  of  this  shock 
isolation  depends  upon  the  personnel  tolerance  levels. 

For  personnel  housed  in  a  hardened,  underground 
structure,  the  principal  biological  effects  of  ground  shock  en¬ 
compass  pain  or  injuries  that  might  occur  as  s  consequents  of 
the  motions  of  the  shatter.  Proper  assessment  of  Ms  ha  sard 
requires  knowledge  in  nt  least  two  areas;  namely. 


(a)  information  concerning  the  motions  of  the  structure,  and 

(b)  man's  tolerance  to  the  environment  as  a  function  of  the 
motions. 

Tho  structure  motions,  which  are  a  function  of  the 
free >field  motions  discussed  in  Chapter  11,  are  transient 
(several  seconds  duration)  in  nature  and  are  characterised  by 
(1)  a  low-frequency  downward  displacement  which  reaches  a 
maximum  value  generally  near  the  end  of  the  positive  phase 
of  the  air  blast  wave,  then  i  abounds  and  damps  out 
quickly,  and  (2)  a  high-frequency  random  acceleration  which 
reaches  a  peak  value  in  the  extreme  early  stages  of  the  mo¬ 
tion.  In  some  cases,  the  initial  motion  may  be  upward  but 
of  less  magnitude  than  the  following  downward  movements.  In 
addition,  there  is  horisontal  motion  of  the  structure  of  sim¬ 
ilar  character. 

Although  exact  magnitudes  of  the  structure  motions  are 
not  necessary  for  estimating  shock  and  vibration  tolerances 
for  personnel  housed  within  the  structure,  the  nature  of  the 
motions  and  their  duration  are  considered  pertinent  since  tol¬ 
erance  has  meaning  only  in  terms  of  a  particular  type  of  en^ 
vironment  or  exposure. 

Because  the  motions  in  a  ground  shock  environment  are 
transient  in  nature  and  could  possibly  result  in  imparting  an 
abrupt  velocity  change  to  the  body,  either  in  stopping  or 
starting,  in  addition  to  a  shaking  or  vibrating  of  the  body,  it 
is  necessary  that  human  tolerance  to  two  types  of  shock  ex¬ 
posures  be  considered;  namely.  (I)  impacts  Involving  velocity 
shocks  causing  body  acceleration  or  deceleration,  and  (*’ 
body  vibrations. 

In  a  structure  subject  to  ground  shock,  a  person  may 
experience  various  types  of  motions  depending  upon  his  loca¬ 
tion  and  posture  withir  the  structure  at.,  upon  the  flexibility 
of  the  supporting  system.  The  lauer  is  a  function  of  the  de¬ 
gree  of  isolation  of  the  seat  and/or  floor  which  supports  the 
subject,  and  of  whether  or  not  he  i*  attached  to  his  seat  by 
straps  or  seat  belts. 

It  the  (loot  is  not  shock  i*wlated,  its  motions  sre  ap¬ 
proximately  the  same  as  those  of  the  aiructute  as  in  the  case 


of  *  floor  slab  which  U  monolithic  with  the  structure  shell. 
Therefore,  a  subject  not  attached  to  the  floor  is  vulnerable  to 
impacts  resulting  from  collision  with  the  floor  due  to  the 
structure  Stopping  out  from  beneath  him  and/or  the  structure 
rebounding  upward  beneath  him.  Impacts  may  also  result  as  a 
consequence  of  the  subject  being  thrown  off  oalance  because  of 
the  horisontal  motions  of  the  structure  resulting  in  his  being 
thmwn  bodily  against  other  persons,  furnitute,  walls,  or 
other  bard  surfaces. 

If  a  subject  is  attached  to  a  structure,  he  will  exper¬ 
ience  the  actual  motions  of  the  structure.  In  some  eases,  the 
resulting  effect  could  be  more  severe  than  that  for  non-attached 
personnel. 

The  floor  system  may  be  shock  isolated  by  either  being 
mounted  on  springe  or  being  suspended  from  the  ceiling.  In 
this  case,  the  motions  of  the  floor  differ  from  the  structure 
motion.  Peak  structure  accelerations  will  be  reduced  and  tbs 
floor  response  will  be  a  vibration  in  accordance  with  the  fre* 
quency  of  the  system.  This  vibration  will,  in  general,  be 
somewhat  longer  in  duration  than  the  transient  structure  mo¬ 
tions,  depending  upon  the  amount  of  damping  in  the  spring 
system.  It  is  expected  that  most  systems  will  stop  vibrating 
in  less  than  10  seconds.  Although  the  floor  motion  is  modi¬ 
fied.  separation  from  non -attached  personnel  may  still  re¬ 
sult  depending  on  the  degree  of  shock  isolation.  If  the  isola¬ 
tion  limits  the  peak  acceleration  response  to  less  than  one 
g. ,  separation  will  be  prevented.  Personnel  attached  to  a 
shock -isolated  floor  by  means  of  seat  belts  or  other  strapping, 
will  experience  the  vtbratoiy  response  of  the  floor,  A  **  Vject 
may  also  be  Isolated  by  individual  isolation  of  his  support, 
such  as  a  spring -mounted  chair  or  cot.  In  this  case,  he  will 
be  subjected  to  the  vibratory  response  of  the  individual  support. 

The  motions  of  a  structure  in  a  ». ound -shock  environ¬ 
ment  may  have  several  possible  effects  on  personnel  housed 
within  such  a  structure.  The  motion  may  interfere  directly 
with  physical  activity  and/or  it  may  result  in  discomfort, 
pain,  trauma,  or  mortality.  Other  effects  associated  with 
long -duration  vibration*,  such  as  irritation  and  fatigue,  ere 
not  likely  due  to  the  tranetent  nature  of  the  motions. 


3-2  Summary  of  Results  of  Research 


3-2.  1  General 


Pertinent  information  concerning  impact  and  vibration 
effects  on  personnel  was  obtained  from  a  review  of  literature 
and  at  meetings  with  various  organizations  in  this  field.  Data 
compiled  from  pertinent  publications  arc  presented  and  dis¬ 
cussed  in  detail  in  Section  A  -4  of  Appendix  A.  Minutes  of  the 
meetings  are  presented  in  Appendix  B.  This  section  summar¬ 
izes  the  signiucant  results  of  this  research. 

To  date,  personnel  tests  conceived  specifically  for  the 
ground  shock  environment  have  not  been  performed.  However, 
based  on  tests  and  studies  of  human  and  animal  response  to 
vibration  and  impact  associated  with  other  types  of  shock  en¬ 
vironments,  it  is  possible  to  prepare  estimates  of  tolerances 
for  the  ground  shock  environment.  Naturally,  a  degree  of 
uncertainty  will  subsist  with  such  estimates  until  appropriate 
tests  have  been  conducted. 

Impact  and  vibration  tests  have  been  conducted  to  es¬ 
tablish  personnel  tolerances  for  such  shock  environments  as 
aircraft  ejection,  high-speed  air  and  space  travel,  shipboard 
explosions,  impact  due  to  falls,  and  miscellaneous  industrial 
shock  environments,  etc.  Even  in  these  cases  where  test 
results  are  available,  only  approximrte  tolerance  limits  have 
been  established  since  the  exact  physical  mode  of  action  ot 
any  exposure  varies  with  respect  to  individual  physical, 
physiological,  and  psychological  reactions.  Vary  often,  test 
results  can  be  evaluated  only  on  a  statistical  basis. 

3-2.2  Vibration  Toltrsnces 

Reference  V  1  (Section  A-4.  2a)  reports  on  tests  per¬ 
formed  to  detetmin*  whole -body  » espon  *  and  tolerance  to 
sinusoidal  vibrations  in  the  frequency  range  from  1  to  70 
c.  p.  s.  In  these  tests,  subjects  were  placed  (non-attached) 
in  a  standing,  sitting,  or  prone  prsition  on  a  horizontally  or 
vertically  vibrating  platform.  At  various  selected  frequencies 
and  amplitudes  subjective  responses  ranging  from  the  thresh¬ 
old  of  perception  to  the  threshold  of  pain  were  recorded.  The 
latter  th  ethold  was  considered  as  a  tolerance  limit  «;ul  the 
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motions  were  discontinued  beyond  this  level.  Exposure 
limes  ranged  from  5  to  20  minutes.  In  analyzing  the  results 
of  several  such  investigations  in  terms  of  willingness  of  a 
subject  to  tolerate  various  levels  of  vibration  exposure  (Ref¬ 
erence  3.  1),  it  was  shown  that  the  variability  among  different 
studies  is  very  great;  the  results  were  averaged  and  simpli¬ 
fied  as  plotted  in  Curve  a  of  Figure  A  -4  (Append!::  A,  Page 
A-26).  In  this  figure,  subjective  reactions  indicating  toler¬ 
ance  are  plotted  as  a  function  of  frequency  and  acceleration. 

In  considering  this  data  relevant  to  the  ground  shock 
problem,  it  should  be  noted  that  Curve  a  represents  a  sum¬ 
mary  of  tolerances  fo:  relatively  long  exposure  times  (on  tne 
order  uf  5-20  minutes)  probably  rendering  the  values  of  tol¬ 
erance  necessarily  conservative  for  the  considerably  shorter 
exposure  times  resulting  from  ground  shock.  According  to 
Curve  a,  the  lower  level  of  tolerance  for  these  relatively 
long  exposures  is  about  0.  25  g.  From  Curve  a  it  is  also  seen 
that  tho  average  tolerable  limit  is  about  0.  3  g.  in  the  low- 
frequency  range,  then  gradually  increases  after  30  c.p.  s.  , 
reaching  one  g.  at  about  80  c.  p.  s. ,  ard  sharply  increasing 
after  100  c.  p.  s. 

A  source  of  information  on  shorter  time  vibration  tol¬ 
erance  for  supported  (attached)  subjects  resulted  from  the 
experimental  work  reported  in  Reference  3.2  (Section 
A-4.  2b).  In  these  tests,  each  of  10  male  subjects  was  sup¬ 
ported  in  a  seat  with  a  standard  seat  belt  and  shoulder  harnees 
and  was  expossd  to  an  increasing  sinusoidal  acceleration  at 
•elactad  frequencies  in  ths  range  from  1  to  i5  e.  p.  s.  At 
eech  frequency,  the  amplitude  was  Increased  to  tire  poln, 
where  the  subject  stopped  the  run  because  be  thought  that 
further  increase  might  cause  bodily  harm.  Thia  amplitude 
was  eonsidei  ed  as  a  tolerance  limit.  Exposure  times  rangsd 
from  18  to  208  eseonds. 

Tne  average  results  o'  these  teste  are  presented  in 
Curve  b  of  Figure  8  -4  which  shows,  ths  toltrance  for  each 
frequency. 

It  is  to  be  noted  f-*om  the  curve  that  the  tower  level  •..*/ 
tolerance  io  between  1  and  2  g.  at  1-4  c.  p.  a.  and  7-8  c.  p.  s. , 
and  the  higher  level  is  7-8  g.  at  15  c.p.  s.  These  levels  are 


considerably  higher  than  the  results  of  other  tests  reported 
in  Reference  3.  3  {Section  A-4.  2c)  for  similar  support  condi¬ 
tions  but  for  somewhat  longer  exposures.  Tolerance  levels 
obtained  in  the  tests  are  shown  on  Curve  c  of  Figure  A-4. 
Relatively  high  acceleration  sensitivity  was  indicated  at  1 , 

4  to  10  and  above  20  c.  p.  s.  The  lowest  level  was  0.  25  g. 
and  occurred  at  one  c.  p.  s.  It  then  increased  to  0  8  g.  at 
2-3  c.  p.  s.  ,  decreased  to  0.  65  g.  at  4-8  c.  p.  a.  ,  and  theu 
gradually  increased  to  the  maximum  tolerance  of  1.4  g.  at 
17-20  c.  p  s.  The  tolerance  then  dropped  to  one  g.  in  the 
range  of  24  to  27  c.  p.  s. 

A  comparison  of  Curves  a,  b,  and  c  of  Figure  A-4  in¬ 
dicates  that  a  higher  acceleration  at  corresponding  frequencies 
can  be  tolerated  for  snorter  exposure  times,  although  varia¬ 
tions  in  this  data  are  no  doubt  partially  due  to  differences  in 
the  testing  procedure,  type  of  body  support,  posture,  sub¬ 
jective  responses,  definition  of  tolerances,  etc.  For  even 
shorter  exposure  times  associated  with  the  ground  shock, 
corresponding  tolerances  may  very  well  increase  beyond 
Curve  b  in  the  same  manner  as  Curve  b  increased  above 
Curve  a,  although  the  extent  of  this  extrapolation  is  not  known 
(Section  fi-8). 

Observation  of  the  relative  toleiuneet  for  various  ire  - 
quencies  indicates  that  the  body  is  evidently  more  sensitive 
to  vibration  at  particular  frequencies,  suggesting  body-organ 
and  appendage  resonance.  From  evaluation  of  Figure  A-4  and 
also  based  on  mechanical  impedance  test  measurements 
(Reference  3.  1).  it  appears  that  critical  frequencies  may 
exist  at  all  frequencies  below  10  c.  p.  s.  depending  on  the 
direction  of  the  vibration  and  the  body  posture.  Above  10 
c.  p.  s. ,  tolerance  tends  to  increase  although  some  sensitivity 
may  occur  at  particular  ranges.  After  80  c.  p.  s.  there  is  a 
sharp  increase  in  tolerance. 

Based  on  the  available  personnel  vibration  data  as 
summarised  in  this  section,  the  following  tolerances  for  re¬ 
strained  personnel  (restrained  refers  to  tho»e  persons  strapped 
to  chairs  or  cots)  were  considered  for  use  in  this  study:  2  g. 
for  less  than  10  c  p.  s. :  5  g.  for  10-20  c.  p.  s. ;  7  g.  for 
20-40  c.  p.  s. :  and  10  g  above  40  c.  p.  s,  These  values  are 


considered  to  be  safe  fot  personnel  subjected  to  the  vibra¬ 
tions  (of  a  shock-isolated  floor  or  seat)  resulting  from  ground- 
shock  structure  motions  (Section  B-8).  The  2  g.  value  was 
adopted  for  use  in  this  study.  The  higher  g.  values  were  not 
used  because  the  required  restraining  devices  at  these  values 
would  generally  be  too  elaborate  for  civil  defense  purposes. 

In  addition,  it  appeared  to  be  advisable  not  to  use  the  higher 
g  values,  considering  the  type  of  shelter  inhabitants --elderly 
persons,  children,  etc. 

Reference  3.  4  (Section  A-4.  2n)  presents  tentative  sug¬ 
gestions  for  vibration  tolerances  for  personnel  subjected  to 
ground-shock  structure  motions.  These  recommendations 
were  based  on  vibration  tests  similar  to  those  described  above. 
Tolerance  values  are  1.  75  g.  for  seated,  well -restrained  per¬ 
sonnel  ;  and  0.  75  g.  vertical  and  0.  50  g.  horizontal  for  stand¬ 
ing  personnel.  The  latter  values  for  standing  personnel  were 
adopted  for  use  in  this  study  for  non-restrained  persons 
(rtandlng,  seated,  and  reclined). 

To  better  understand  the  application  of  these  tolerances 
as  design  criteria  for  personnel  subjected  to  the  vibrations  of 
a  shock-isolated  floor  or  support,  it  would  be  well  to  illus¬ 
trate  their  use  in  conjunction  with  the  specific  shock  environ¬ 
ment  designated  for  this  study.  The  design  spectra  calculated 
for  the  design  studies  (Chapter  VII)  are  plotted  in  Figures  7-8 
and  7-9  of  Chapter  VII.  Referring  to  Figure  7-8  and  consid¬ 
ering  the  vertical  acceleration  tolerance  values  of  0.75  g. 
(non-restrained)  and  2  g.  (restrained),  it  is  determined  that 
shock  isolation  to  the  frequencies  listed  in  Table  3-1  would  be 
required.  Displacements  of  the  shock -isolated  platform,-  rel¬ 
ative  to  the  structure  are  also  listed.  From  Figure  7-9,  hor¬ 
izontal  values  for  0.  50  g.  (non-restrained)  and  2  g.  (restrained) 
are  as  listed  in  Table  J-2. 

The  required  frequencies  listed  .  Tables  3-1  and  3-2 
would  generally  necessitate  the  uce  of  a  flexible  connection  for 
the  platform  supporting  the  personnel.  Such  flexibility  can  be 
achieved  by  the  use  of  springs  (see  Chapter  V).  A  support  sys¬ 
tem  with  a  frequency  greater  than  the  above  values  would  re¬ 
spond  at  intolerable  acceleration  levels.  Rattle  apace  equal 
to  the  above  displacements  must  be  provided  between  the 


3-7 


Table  3-1  Shock  Isolation  Requirements 
Vertical  Direction 


0.75g.  2g. 


Overpressure 

FrequencyDisplacement  1 

Frequency 

Displacement 

(psi) 

(cps) 

(in) 

(cps) 

(in) 

25 

2.  3 

1.5 

6.0 

0.  6 

100 

1.0 

7.0 

2.0 

5.  0 

300 

14.0 

1.2 

1 _ 

5.  0 

Table  3-2  Shock  Isolation  Requirements 

Horizontal  Direction 

0.  50  g. 

2 

8- 

Overpressure 

Frequency  Displacement 

[Frequency 

Displacement 

(P«l 

Will 

(In) 

■uTHH 

(in) 

25 

2,  2 

l.C 

8.  5 

0.3 

100 

1.5 

2.3 

3.0 

2.0 

300 

1.0 

5.0 

2.0 

5.0 

isolated  platform  and  the  concrete  shell.  Overhead  clearance 
equal  to  at  leaet  the  above  vertical  displacements  must  be  in¬ 
cluded  to  prevent  Impact  of  personnel  with  the  concrete  ceiling. 


3-2.  3  Impact  Tolerance 

Impact  effects  involve  a  sudden  single-pulse  type  sh*#*< 
or  motion,  such  as  caused  by  explosions  and  impacts  and  blows 
from  rapid  changee  in  body  velocity  or  from  moving  objects. 
Possible  damage  (Reference  3.  1)  includes  bone  fracture,  lung 
damage,  injury  to  the  inner  wall  of  the  intestine,  brain  dam¬ 
age,  cardiac  damage,  ear  damage,  teari\.»  nr  crushing  of  soft 
tissues,  etc.  Differences  in  injury  patterns  arise  from  dif¬ 
ferences  in  rates  of  loading,  peak  force,  duration,  localisa¬ 
tion  of  forces,  etc. 

It  is  pointed  out  in  Reference  3.  5  (Section  A-4.  2d)  that, 
should  a  person  be  subjected  to  impact,  it  is  likely  that  con¬ 
siderable  variation  in  the  body  area  of  impact  will  occur.  In 
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addition,  there  are  many  circumstances  in  which  impact  may 
involve  glancing  contact  with  an  object;  also,  a  great  varia¬ 
tion  in  the  chape,  weight  and  consistency  of  the  decelerating 
object  or  surface  may  be  involved.  The  character  of  the  de¬ 
celerating  surface,  the  angle  and  area  of  the  body  involved 
at  impact,  the  impact  velocity,  and  the  decelerating  time  and 
distance  are  each  critical  factors.  Any  modification  of  the 
time  of  deceleration  and  the  distance  over  which  it  occurs 
will  markedly  influence  the  magnitude  of  the  load  and  the  rate 
at  which  it  develops.  Such  factors  are  responsible  for  human 
survival  after  experiencing  impact  velocities  greater  than  that 
expected  for  mortality.  Frequently,  in  these  cases  the  sur¬ 
face  struck  is  soft  ground  and  the  impact  area  of  the  body  is 
large  -  the  back,  side,  or  ventral  surface  -  thereby  indicat¬ 
ing  that  any  cushioning  of  the  impact,  such  as  by  use  of  mate 
on  the  shelter  floor,  could  considerably  reduce  the  impact 
effects  on  personnel. 

In  References  3.  5,  3.6,  3.?  (Sections  A -4.  2:1,  a,  f), 
it  it  concluded  that  one  can  tentatively  take  10  ft.  /  see.  as 
"an-on-the-average  safe'*  impact  velocity  fur  adult  humane 
and  regard  the  probabilities  of  serious  injury  and  oven  fatality 
for  man  to  increase  progieeeively  as  the  impact  velocity  is 
elevated  above  this  figure.  This  tolerable  velocity  is  based 
on  impact  with  a  flat,  hard  lurface  and  for  various  body  pos¬ 
tures.  including  impact  of  the  head,  impact  in  the  standing 
position  with  knees  locked,  and  impact  in  the  seated  position. 
It  was  indicated  that  a  higher  impact  velocity  could  be  tol¬ 
erated  for  cases  where  the  impact  area  of  the  body  was  larger, 
such  as  the  baek.  tide,  ur  ventral  surface,  or  if  the  surface 
collided  with  was  not  hard,  such  as  soft  ground.  Impac*  *  ith 
a  90-degrun  sharp  corner  would  be  much  moie  severe  th»n 
with  a  flat  surface.  Only  about  one-seventh  of  the  impart 
energy  to  cause  skull  fracture  dus  to  impact  with  a  flat  sur¬ 
face  would  he  required  for  skull  fracture  dus  to  Impact  with  a 
90-degree  sharp  corner.  This  would  t  "respond  to  an  im¬ 
pact  velocity  of  one -third  of  the  value  for  s  flat  surface.  Ac¬ 
cording  to  Reference  3.  5,  the  impart  velocity  for  the  thresh¬ 
old  of  mortality  would  be  about  21  ft.  /sec. 

Reference  3.6  (Section  A-4. 2g)  states  that,  for  a 
standing  person  with  locked  knees,  no  fractures  can  be  ex¬ 
pected  at  rslativ*  (impact)  velocities  below  It  ft.  /see. ,  and 


serious  damage  to  the  brain  can  be  expected  if  relative  vel¬ 
ocity  at  contact  is  16  it.  /sec.  or  more. 

As  reported  in  Reference  3.  9  (Section  A -4.  2h),  men 
and  dummies  were  exposed  to  deck  motions  on  a  ship  when 
large  explosive  charges  were  detonated  under  water.  These 
motions  were  characterised  by  a  short-duration  upward  ac¬ 
celeration  which  can  be  equated  to  a  sudden  velocity  change. 
The  duration  of  tht  accelerations  was  less  than  10  msec. 

This  was  followed  by  a  deceleration  phase  lasting  about  50 
msec.  In  other  words,  the  rise  time  to  the  peak  velocity 
was  less  than  10  msec,  and  the  decay  to  sero  velocity  took 
an  additional  50  msec.  The  acceleration  phase  of  this  vel¬ 
ocity  pulse  would  be  similar  to  the  acceleration  phase  of  the 
sharp,  downward  ground-shock  velocity  pulse.  However, 
the  decay  of  the  ground-shock  velocity  pulse  is  considerably 
long?.-,  in  the  order  of  a  sucond  or  seconds.  Since  it  ap¬ 
pears  that  the  body  is  primarily  sensitive  to  sudden  changes 
in  velocity,  this  data  would  be  pertinent.  This  type  of  shock 
velocity  would  have  an  effuct  on  the  h^dy  similar  to  that  pro¬ 
duced  by  a  drop  test.  In  both  cases  a  near  instantaneous  vel¬ 
ocity  change  is  experienced  due  to  the  relative  velocity  be¬ 
tween  the  body  and  a  flat  uurface.  In  the  tests  of  Reference 
3. 9,  a  stiff-legged  subject  and  a  subject  seated  !n  a  hard 
wooden  chair  experienced  15  g.  for  1  msec,  (peak  velocity 
of  4.  0  ft.  /sec. )  after  which  the  tests  were  discontinued.  This 
discontinuation  docs  not  indicate  that  a  tolerable  limit  was  at¬ 
tained  since  no  physiological  effects  were  reported  except  for 
somi  discomfort  in  ths  stiff-legged  position.  A  subject  with 
bent  knees  experienced  an  acceleration  of  30  g.  for  8  msec, 
(peak  velocity  nf  8  ft  /s«c. )  without  discomfort.  This  f‘;***re 
dw«s  not  necessarily  represent  a  tolerable  limit,  but  it  doue 
indicats  that,  in  ths  bent-knee  position,  humans  art  capable 
of  tolerating  a  higher  impact  velocity. 

Reference  3.  10  (Section  A-4. 2i)  'ports  on  studies 
of  personnel  injuries  resulting  from  ths  wartime  explosion 
of  a  minesweeper,  injuries  were  correlated  with  deck  mo¬ 
tions.  It  was  found  that,  for  personnel  without  advance  warn¬ 
ing  and  in  random  body  positions,  injury  due  to  an  initial 
acceleration  of  30  g.  for  6.  5  msec,  (peak  velocity  of  11.  3 
ft  /see. )  can  occur.  For  personnel  hurled  through  the  air, 
deck  velocities  of  about  15  ft.  /esc.  resulted  in  collision-impact 
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injuries.  Ttns  latter  value  is  probably  higher  because  of 
collision  with  a  large  impact  surface  of  the  body. 

References  3.  11  (Section  A-4.  2j)  and  3.  12  (Section 
A-4.  2k)  describe  other  data  relevant  to  impact  on  ships, 
including  the  use  of  protective  shoes.  In  a  laboratory  test  of 
cadavers,  a  velocity  of  12  ft.  /sec.  reached  in  1.  3  msec, 
caused  some  fractures  to  those  without  protective  shoes  and 
no  Injury  to  those  with  protective  shoes.  In  addition,  it 
was  stated  that  protective  shoes  and  mats  will  protect  standing 
personnel  against  direct  impact  effects  for  velocities  up  to 
20  ft.  / sec.  It  was  concluded  that  forces  effective  in  producing 
impact  injuries  are  of  very  short  duration  (1-2  msec. )  produc¬ 
ing  extremely  high  accelerations  (200-800  g. )  and  peak  vel¬ 
ocities  of  about  12  ft.  /sec. 

From  the  data  pertaining  to  impact  due  to  falls  or  by 
other  mechanisms  causing  sudden  velocity  changes,  it  appears 
that  the  impact  velocity  can  be  taken  as  the  significant  injury 
parameter.  Although  various  combinations  of  acceleration 
and  duration  (or  deceleration  and  duration  for  collision)  have 
been  imposed  on  personnel,  in  general,  no  injuries  were  re¬ 
ported  until  an  Impact  velocity  greater  than  about  11  ft.  /sec. 
occurred.  The  time  durations  (time  for  peak  velocity  change) 
are  all  extremely  short,  l.  e. ,  generally  in  the  range  of 
10  msec,  or  less.  For  longer  time  durations,  consideration 
of  an  impact  tolerance  In  terms  of  the  same  peak  velocity 
change  may  be  too  conservative.  This  is  apparent  by  con¬ 
sidering  the  use  of  a  mat  or  protective  shoes  which  increase 
the  stopping  time  and  thereby  permit  a  higher  tolerable  Im¬ 
pact  velocity.  Thus,  for  extremely  short  time  duration  a 
tolerance  may  be  considered  in  terms  of  an  approximately 
constant  peak  velocity  change,  and  for  relatively  longer  time 
durations  the  tolerable  velocity  would  increase  as  the  time 
increases.  This  phenomenon  is  due  to  die  fact  that,  as  the 
stopping  time  becomes  small,  the  acce.  .ration  response  of 
the  body  reaches  a  peak  (because  of  the  body  flexibility)  and 
shorter  times  and  higher  accelerations  are  no  more  severe 
than  die  most  critical  impact  ease  of  die  body  colliding  with 
a  rigid  surface.  For  these  short  acceleration  durations, 
injuay  is  related  to  the  kinetic  energy  which  must  bo  ab¬ 
sorbed  by  the  body. 
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This  characteristic  of  impact  effect  on  the  body  is  in¬ 
dicated  in  Reference  3.  13  (Section  A -4  2m)  which  states  that 
subjects  strapped  to  a  seat  experienced  a  trapezoidal  accel¬ 
eration  pulse.  For  the  trapezoidal  pulses  of  extremely  short 
durations  (in  the  range  of  10  msec,  or  less),  the  areas  of  the 
pulses  were  of  the  same  order  of  magnitude,  indicating  that 
the  tolerance  could  be  approximately  related  to  a  peak  impact 
velocity.  However,  for  the  longer  duration  pulses,  the  areas 
of  the  pulses  increased  which  corresponds  to  an  increase  of 
the  tolerable  velocity. 

Based  on  the  available  data  summarised  in  this  section, 
an  impact  tolerance  velocity  of  10  ft,  /sec.  was  adopted  for  use 
in  this  study.  This  applies  to  impact  with  a  hard,  flat  surface 
in  various  body  postures  and  to  impact  of  the  head.  If  the  line 
of  thrust  for  head  impact  with  a  similar  surface  is  directed 
along  the  longitudinal  axis  of  the  body,  the  10  ft.  /sec.  value 
would  not  apply  since  the  head  would  receive  the  kinetic  energy 
of  the  entire  mass  of  the  body.  An  impact  velocity  of  10  ft.  /sec. 
is  considered  to  be  generally  safe  for  personnel  subjected  to 
impact  resulting  from  structure  motions  (Sections  B-4  and  B-B). 
It  is  important  to  note  that  greater  impact  velocities  may  be 
tolerated  if  the  body  is  in  a  flexible  position  or  if  the  area  of 
impact  is  large. 

The  effect  of  horizontal  motions  on  the  throwing  of  per¬ 
sonnel  off  balance  or  on  hurling  them  laterally  would  depend 
on  the  body  stance  and  position,  the  acceleration  intensity  and 
duration,  and  the  rate  of  onset  of  acceleration  (jolt).  Investi¬ 
gations  of  data  conce.  nlng  sudden  stops  in  automobiles  and  in 
passenger  trains  indicate  that  personnel  could  (depending  ,  * 
stance  and  jolt)  sustain  accelerntions  which  are  less  than  o.  4  g. 
without  being  thrown  off  balance.  However,  these  accelera¬ 
tions  have  durations  of  several  secondn.  Hence,  the  ground 
shock  acceleration  required  to  throw  personnel  off  balance 
will  probably  be  greater  because  of  the  shortened  duration  and 
associated  jolts  of  the  acceleration.  The  tolerable  horisontal 
acceleration  of  0.  SO  g.  (recommendod  in  Reforenco  3.  4)  for 
ground  shock  protection  of  standing  personnel  was  adoptsd  for 
uss  in  this  study  for  non -re strained  persons  (standing,  seated, 
and  reclined). 

Application  of  the  above  impact  data  as  design  criteria 
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for  personnel  subjected  to  the  non-shock-isolated  structure 
motions  is  not  as  simple  as  in  the  case  of  the  vibration  tol¬ 
erances  for  personnel  located  on  a  shock -isolated  platform. 

One  cannot  evaluate  all  the  effects  of  the  shock  environment 
directly  from  the  design  shock  spectra.  Furthermore,  the 
impact  intensity  resulting  from  a  shock  depends  upon  several 
factors,  namely,  Ihe  location  of  personnel  in  the  shelter, 
whether  or  not  they  are  thrown  off  balance,  and  the  relative 
motion  of  personnel  (non-restrained)  with  respect  to  tne 
shelter  floor.  It  is  possible,  however,  to  consider  these  fac¬ 
tors  in  connection  with  the  shock  environment  designated  for 
this  study. 

Table  7-5  lists  the  peak  structure  motions  for  the  de¬ 
sign  studies  presented  in  Chapter  VII.  These  motions  describe 
the  movement  of  the  structure  as  a  unit. 

It  is  seen  from  Table  7-5,  that  the  peak  velocity  at  all 
the  overpressure  levels  is  not  greater  than  10  ft.  /sec.  There¬ 
fore.  personnel  attached  to  the  structure  (restrained  in  a 
eeat  or  cot)  could  tolerate  the  structure  motions. 

Velocity  of  individual  exterior  walls  may  be  higher 
than  the  abovementioned  velocities  because  of  the  structural 
deflections  resulting  from  the  blast  loading  on  the  walle.  The 
blast  loading  will  also  cause  a  transverse  compression  wave 
to  propagate  through  th<»  wall.  This  compression  wave  could 
be  transmitted  to  the  body  if  a  subject  is  in  contact  with  the 
wall  during  the  time  of  the  blast  loading.  Because  of  these 
factors  and  also  because  the  personnel  may  have  a  velocity 
due  to  having  been  thrown  off  balance,  personnel  should  ‘  <s 
prevented  from  entering  into  contact  with  exterior  walls,  An 
alternate  method  would  consist  of  providing  protective  cush¬ 
ioning  material  on  the  walls  (see  Chapter  VI). 

The  relative  motiou  of  the  personnel  with  respect  to 
the  structure  floor  can  be  estimated  by  comparing  the  struc¬ 
ture  displacement  versus  time  with  the  personnel  free-fall 
displacement  due  to  gravity.  An  approximate  (synthesised) 
displacement -versus -time  curve  was  computed  in  accordance 
with  the  procedure  given  in  Reference  3. 14  (Section  A-7.2J). 
This  procedure  is  presented  in  Appendix  D.  Displacement- 
versus-time  curves  were  computed  from  each  of  the  design 
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^pecii-1  cm "—3  in  Figures  7-8  and  7-9.  These  displacement 
curves  are  equivalent  to  corresponding  spectra;  i.  e.  ,  the 
maximum  reapoi-se,  of  a  simple  oscillator  (Figure  2-1)  sub¬ 
jected  to  ?.  support  motion  which  is  equal  to  the  computed 
displacement  versus  time,  would  be  the  same  as  the  response 
cpectrum  value  at  the  fruquency  of  the  oscillator. 

Figures  3-1,  3-2,  and  3-3  show  a  plot  of  computed 
downward  structure  displacements  and  free-fall  displacements 
for  the  25 -,  100-,  and  300-p.  s.  i.  overpressures,  respective¬ 
ly.  It  is  seen  that  the  peak  relative  displacements  are  equal 
to  0.  3  inci.es,  2.1  inches,  and  8.  4  inches  for  25,  100,  and 
300  p.  s.  i. ,  respectively.  Overhead  clearances  equal  to,  or 
greater  than,  these  values  should  be  provided  to  prevent  im¬ 
pact  of  personnel  with  the  ceiling  or  with  other  overhead  ob¬ 
jects.  Such  impact  could  not  be  tolerated  because  the  head 
would  absorb  energy  from  the  entire  mass  of  the  body.  If 
sufficient  overhead  clearance  cannot  be  provided,  protective 
cushioning  material  should  be  provided. 

The  impact  velocity  at  the  impact  point  (Figures  3-1, 
3-2,  and  3-3)  for  each  pressure  level  was  compo' rd.  The 
impact  velocity  is  equal  to  the  downward  velocity  »>f  the  per¬ 
sonnel  minus  the  downward  velc^tty  of  the  structure  at  the 
time  of  impact.  These  velocities  are  listed  in  Table  3-3. 


Table  3-J  Downward  Impact  Velocities 


Overpressure 

Personnel  Free-Fall  Structure  Vcl. 
Velocity  at  Impact  at  Impact 

Impact 

VcloJ  y 

25  p.  s,  i« 

100  p.  s,  1. 

300  p.  s.  i. 

2.  5  ft.  /see. 

5.  *  ft.  /esc. 

B.  b  ft.  /sec. 

i.  1  ft.  /  sec. 
1.2  ft.  /  sec. 

0.  5  ft  /eec. 

i.  4  ft  /esc. 
4. 3  ft.  /sec. 
b.  1  ft.  /esc. 

For  the  cases  considered  above,  the  personnel  will 
regain  contact  with  the  floor  slab  before  the  peak  displace¬ 
ment  occurs.  The  associated  impact  velocities  in  the  verti¬ 
cal  direction  are  all  lest  than  10  ft. /sec.,  and  are.  there¬ 
fore,  tolerable.  As  the  overpressure  level  increases,  im¬ 
pact  occurs  at  a  time  closer  to  the  time  of  the  peak  downward 
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displacement  of  the  structure.  For  overpressures  above  300 
p.  s.  i.  or  for  other  site  conditions,  the  structure  may  be  re¬ 
bounding  upwards  at  the  time  of  impact.  In  such  a  case,  the 
impact  velocity  is  equal  to  the  free-fall  velocity  plus  the  un¬ 
ward  velocity  of  the  structure.  However,  as  discussed  in 
Chapter  II,  rebound  velocities  are  considerably  lower  than 
peak  downward  structure  velocities. 

Since  the  structure  also  accelerates  horizontally,  the 
structure  floor  slab  will  have  moved  horizontally  at  the  time 
of  vertical  impact.  Computed  horizontal  displacements  are 
plotted  in  Figure  3-4  for  25,  100  ar.d  300  p,  s.  i.  Far  the 
300-  and  100-p.  s.  i.  overpressure  levels,  the  pea*  structure 
displacements  of  5  inches  and  2,  3  inches  will  have  virtually 
occurred  at  the  time  of  impact.  The  horizontal  structure 
velocity  at  the  time  of  impact  will  be  close  to  aero.  For 
25  p.  s.i.  ,  approximately  one-half  the  peak  horizontal  dis¬ 
placement  would  have  occurred  at  the  time  of  impact,  at  which 
time  the  horizontal  velocity  of  the  structure  is  about  0.  5 
ft.  /sec.  These  curves  depict  only  an  estimate  of  the  time- 
history  motion  and  it  is  possible  that  horlaontal  velocities 
may  differ  at  the  time  of  impact.  In  addition,  there  may  occur 
the  more  severe  case  in  which  the  structure  accelerates  in 
the  horizontal  direction  prior  to  separation  of  the  Hour  from 
personnel  in  the  vertical  direction. 

Bated  on  the  magnitude  of  the  peak  structure  accelera¬ 
tions  in  the  horizontal  direction  (Table  7-5),  non-restrsined 
personnel  would  Lit  thrown  aver  resulting  in  an  impac; 
with  the  floor,  other  people,  and  other  adjacent  object, 

Such  impacts  may  be  at  velocities  greater  than  10  ft.  /tec. 
due  only  to  falling  to  the  floor  from  a  standing  position.  ,*n 
especially  ciitlcal  cate  wottu  bu  falling  backward'!  and  strik¬ 
ing  the  back  of  the  bead  on  toe  floor.  It  ie  confide* (Sec* 

Mon  B-8),  however,  that  in  most  cases  such  a  fall  would  ba 
cushioned  by  striking  the  back  or  arms,  'mpaet  with  cornsrs 
or  edges  would  be  extremely  critical,  even  at  velocitiaa  leea 
than  10  ft.  /sec. 

It  ie  important  to  note  that  personnel  would  not  feel 
the  full  effect  of  the  peak  structure  av  .derations  (Table  7  -3) 
because  of  their  short  duration  and  because  a  force  no  greater 
than  the  friction  force  between  the  flour  and  the  person's 
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shoes  (standing  personnel)  can  be  transmitted.  In  addition, 
as  mentioned  above,  the  floor  also  accelerates  in  the  vertical 
direction  thereby  further  reducing  the  horizontal  force  which 
can  be  transmitted.  At  overpressure  levels  where  the  air-  » 

blast  wave  arrives  prior  to  the  ground  motions  (see  Section 
2-1),  structure  motions  start  upon  such  arrival.  For  these 
cases  the  effect  of  the  sharp  downward  slap  of  the  blast 
loading  will  begin  to  be  felt  before  the  onset  of  horizontal 
motions.  At  300  p.  a.  i  ,  the  floor  slab  may  drop  from  be¬ 
neath  the  personnel  before  a  horizontal  force,  sufficient  to 
throw  persons  oft  balance,  can  be  transmitted.  At  100  p.  e,  i. , 
this  tendency  would  be  somewhat  reduced,  rnd  at  25  p.  s.  i.  , 
ground  motions  would  arrive  prior  to  the  air-blast  wave. 

These  early -arriving  ground  motions  could  result  in  horizon¬ 
tal  and  upward  motions  prior  to  the  sharp  downward  motion. 

Thus,  at  the  higher  overpressures  where  peak  horizontal  ac¬ 
celerations  are  much  larger  than  at  lower  overpressures,  the 
effuct  of  these  accelerations  on  transmitting  a  horizontal 
foice,  and  thereby  throwing  personnel  off  balance,  may  not 
be  any  greater  tnan  that  for  the  lower  overpressures. 

In  any  case,  the  unrestrained  personnel  would  tend 
to  lose  their  balance  and  fall  over.  It  has  been  calculated 
that  impact  velocities  due  to  personnel  being  thrown  over 
would  probably  not  exceed  17  ft.  /sec.  This  calculation  is 
based  on  information  obtained  from  studies  to  provide  pro¬ 
tection  in  boxing  rings,  at  presented  in  Reference  3.  15 
(Section  A-7.  2n).  In  most  cases,  thess  falls  would  be  cush¬ 
ioned  by  striking  iargs  areas  of  the  body  or  arms  To  pro¬ 
tect  against  injury  in  those  cases  where  a  person  falls  over 
and  strikns  his  head  at  an  impact  velocity  greater  than  1C  *t.  / 
sec.  ,  protective  cushioning  material  should  be  provided.  i'o 
protect  against  in^ry  due  to  being  thrown  off  balance  and 
striking  a  sh*»p  corner  or  edge,  protective  cushioning  should 
be  provided,  even  for  impact  velocities  Isas  than  10  ft.  /sec. 


3-3  Recommended  Design  Criteria 


3-3.  1  General 

Based  on  the  personnel  shcck  tolerance  data  presented 
and  discussed  In  the  previous  sections  of  this  chapter, 


3-20 


recommended  design  criteria  for  this  study  are  presented  be¬ 
low.  Criteria  are  presented  for  three  protection  levels.  The 
protection  level  chosen  for  a  particular  design  depends  upon 
desired  reliability  of  protection,  functional  requirements, 
and  cost  limitations. 

The  first  protection  level  affords  the  most  reliable 
protection  of  the  three  levels  and  requires  a  shock -isolated 
interior  platform  to  reduce  the  high  accelerations  of  the 
structure  to  values  tolerable  for  personnel. 

The  second  protection  revel  requires  the  use  of  pro¬ 
tective  cushioning  material  on  the  floors,  walls,  and  other 
surfaces  with  which  personnel  may  experience  impact.  At 
this  protection  level,  the  floor  is  part  of  the  structure  shell 
and  will  move  with  the  high  accelerations  of  the  structure. 

The  cushioning  material  provides  protection  from  injuries 
which  may  be  caused  by  (1)  impact  at  velocities  above  10  ft.  I 
sec.  resulting  from  falling  over;  (2)  impact  with  corners, 
edges,  and  overhead  objects;  and  (3)  compression  waves  trans¬ 
mitted  through  exterior  walls.  In  general,  the  protection  re¬ 
liability  of  the  second  protection  level  would  be  less  than  that 
of  the  first.  However,  the  additional  risk  involved  depends 
on  the  age  and  the  physical  condition  of  the  personnel  as  well 
as  chair  location  and  posture  within  the  shelter.  Although  gen¬ 
eral  protection  against  impact  injury  is  provided,  it  is  pos¬ 
sible  that  injuries  may  result  for  persons  of  certain  age 
groups  it  they  collide  in  an  awkward  position  with  the  struc¬ 
ture  o-*  against  each  other.  Adults  falling  on  young  children 
could  cause  injuries  to  the  children.  Elderly  persons  may  be 
inured  if  they  fall  over,  even  though  protective  cushioi.'.i'c 
material  is  provided.  It  is  even  possible  that  one  person  s 
head  may  sulks  another  person's  heed. 

The  additions!  risk  for  the  second  protection  level  is 
also  a  function  of  the  design  ovsrprsssu  j  level.  As  dis¬ 
cussed  in  Section  i-2,  the  horisontai  forces  transmitted  to 
personnel  arc  not  necessarily  greater  for  the  higher  over¬ 
pressure  levels  considered  in  this  study.  However,  the  ef- 
feet  of  the  verticsl  impact  in  combination  with  being  thrown 
over  due  to  horisontai  forces  would  be  somewhat  greater  for 
the  higher  overpressures.  Thus,  since  the  protection  relia¬ 
bility  of  the  first  protection  ievei  is  the  same  for  each 
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overpressure  considered,  the  additional  nek.  for  the  second 
protection  level  increases  as  the  design  overpressure  in¬ 
creases. 

'I 

The  third  protection  level  requires  the  use  of  a  lim¬ 
ited  amount  of  protective  cushioning  material.  As  in  the  case 
of  the  second  protection  level,  the-  ;ioo-  i3  part  of  the  struc 
tuie  3hell.  Cushioning  material  is  provided  to  protect  from 
injuries  which  may  be  caused  by  impact  with  corners, 
edges,  and  overhead  objects;  and  (<.)  compression  waves 
transmitted  through  exterior  walls.  For  the  overpressure 
levels  considered  in  this  study,  the  only  impact  velocities  ex¬ 
ceeding  10  ft.  /sec.  are  those  due  to  a  subject  falling  off  bal¬ 
ance.  For  the  third  protection  level,  it  is  assumed  that  a  per¬ 
son  who  is  thrown  off  balance  will  have  his  fall  cushioned  by 
impart  with  large  areas  of  the  body  or  the  arms.  Therefore, 
protective  cushioning  material  on  the  f  oor  and  interior  walla 
would  not  be  required.  The  probability  of  injury  to  some 
people  is  greater  than  that  for  the  second  protection  level. 

However,  at  in  thr  case  of  the  second  protection  level,  the 
additional  risk  involved  depend*  on  the  category  and  position 
of  personnel  within  the  shelter  and  on  the  design  overpressure 
level. 

Tr  selecting  a  protection  level  for  a  particular  deaign, 
an  additional  factor  ia  the  adaptability  of  the  required  shock 
isolation  scheme  to  the  fvnetton  of  the  shelter,  e.g. ,  emer¬ 
gency  operating  centers,  special -use  shelters,  and  dual- 
purpose  shelters. 

3-3.2  Criteria 

a.  First  Protection  Level  (requires  shock-isolated 
platforms)  1(1 

1.  Non-Restratned  Personnel 

• 

The  peak  acceleration  amplitudes  of  the  per¬ 
sonnel  platforms  shall  be  ehock  isolated  to  lass  than  0.7**  g. 

In  the  vertical  direction  and  to  lees  than  0.40  g.  in  the  hor- 

iaontal  direction.  * 

*  Shock -isolated  platforms  at*  diecuesed  in  Chapter  VI. 
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2.  Personnel  Restrained  in  Anchored  Seats  or  Cots’1"1' 


The  peak  acceleration  amplitudes  ol  the  person¬ 
nel  platform  shall  be  shock  isolated  to  less  than  2.  0  g.  in  the 
vertical  and  horizontal  directions. 

b.  Second  Protection  Level  (requires  protective  cushion¬ 
ing  materials  in  lieu  of  shock-isolated  platforms)  ♦♦  * 

1.  Non-Restrained  Personnel 

Protective  cushioning  material  shall  be  provided 
on  such  potential  impact  surfaces  as  walls,  floors,  low  ceil¬ 
ings,  and  corners  and  edges  thereof.  Edges  and  corners  of  in¬ 
terior  furnishings  shall  be  provided  with  protective  cushioning. 
Other  surfaces  of  furnishings  require  individual  evaluation  to 
determine  required  cushioning  material. 

2.  Personnel  Restrained  in  Anchored  Seats  or  Cots  ** 

Since  the  peak  structure  velocities  are  not  greater 
than  10  ft. /sec.  (Table  7-5).  protective  cushioning  need  not  be 
provided. 

c.  Third  Protection  Level  (requires  limited  protection 

cushioning  materials  in  lieu  of  ehock-isolated  plat¬ 
forms!  »»* 

1.  Non-Restrained  Peroonnel 

Protective  cushioning  material  ehall  be  provl-  »d 
on  the  following  potential  Impact  surfheee:  exterior  walla  and 
low  ceilings,  and  corners  and  edges  thereof.  Edges  and  corners 
c!  interior  wails  and  furnishings  shall  be  provided  with  protec¬ 
tive  cushioning  materia). 

2.  Personnel  Restrained  in  Anchored  Seats  or  Cots  ♦♦ 

Seme  as  the  second  protection  level,  item  b2, 
above,  i.  e. ,  protective  cushioning  need  not  be  provided. 

**  Restraining  device*  are  discussed  in  Chapter  VI. 

***  Protective  cushioning  materials  are  discussed  in  Chapter  VI. 
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CHAPTER  IV 


SHOCK  TOLERANCES  FOR  EQUIPMENT 


4-1  Basic  Concepts 

In  order  to  provide  adequate  shock  protection  of  me¬ 
chanical  and  electrical  equipment  and  other  components  housed 
witMn  hardened  civil  defense  shelters,  appropriate  shock  tol¬ 
erances  for  these  items  must  be  established.  To  prevent 
equipment  damage  or  malfunction,  the  peak  accelerations  re¬ 
sulting  from  the  ground  shock  environment  must  be  attenuated 
to  tolerable  values.  Knowing  the  acceleration  to'erances,  the 
necessary  degree  of  shock  isolation  or  the  necessary  addi¬ 
tional  ttrength  can  be  determined  for  a  particular  ground 
shock  environment.  This  environment  is  specified  by  design 
shock  spectrn  (Figures  7-8  fc  7-9). 

The  types  of  equipment  items  depend  to  some  extent  on 
the  requirements  for  the  particular  shelter,  i.  e. ,  the  function 
of  the  shelter  (personnel  shelter,  control  or  communications 
centers,  etc. ),  the  required  level  of  protection,  the  time  in¬ 
terval  on  which  occupancy  should  be  based,  the  population 
(family  or  community  shelter,  etc. ),  and  other  factors.  The 
normal  peacetime  function,  of  dual-purpose  structures  will 
also  be  a  factor.  The  basic  types  of  equipment  likely  to  be 
housed  would  include  heating,  ventilating,  air-conditioning, 
water  supply,  sanitation,  and  electric  equipment,  including 
emergency  power  supply  equipment  and  communications  equip¬ 
ment.  Other  interior  components  include  interior  fu.-^  rh- 
ings,  partitions,  diK.twurk,  etc.  A  breakdown  of  the  various 
items  is  presented  on  page  A -60  of  Appendix  A. 

Damage  to  equipment  may  result  in  failures  which  can 
be  divided  Into  tw-.  classes:  temporary  and  permanent  fail¬ 
ures.  Temporary  failures,  often  called  "malfhnctions",  are 
characterised  by  temporary  disruption  of  normal  operation 
when  a  shock  or  a  vibration  is  applied.  In  some  cases,  sub¬ 
sequent  adjustments  may  be  required  tor  restoration  of  ser¬ 
vice.  Permanent  failures  are  characterised  by  breakage,  re¬ 
sulting  in  damage  so  severe  that  the  ability  of  the  equipment 
to  perform  its  intended  function  is  impaired  permanently. 
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The  capacity  of  an  equipment  item  to  withstand  shock 
and  vibration  is  conventionally  expressed  in  terms  of  its  "fra¬ 
gility  level"  which  is  defined  as  the  magnitude  of  shock  (accel¬ 
eration)  that  the  equipment  can  tolerate  and  still  remain  oper¬ 
ational.  The  fragility  level  for  a  particular  equipment  item 
is  dependent  upon  its  physical  characteristics:  the  strength  of 
the  item  (frame,  housing,  and  components),  and  to  some  ex¬ 
tent  the  nature  of  the  excitation  to  which  it  is  subjected.  For 
example,  an  equipment  item  may  sustain  a  single  peak  accel¬ 
eration  due  to  a  transient  ground  shock  disturbance  but  may 
fail  under  a  vibration -type  input  having  the  same  peak  accel¬ 
eration  amplitude.  This  effect  arises  from  the  fact  that  the 
fragility  level  for  a  piece  of  equipment  is  actually  a  tolerable 
peak  acceleration  of  the  equipment  frame  under  a  particular 
shock  test  (tolerable  in  the  sense  that  the  equipment  frame, 
housing,  and  components  were  not  damaged  or  disrupted). 
However,  under  a  different  shock  input  resulting  in  the  same 
peak  acceleration  of  the  equipment  as  a  whole,  components  of 
the  equipment  may  have  responded  differently.  For  this  rea¬ 
son,  fragility  data  should  bs  considered  in  conjunction  with 
such  facto*-*  as  the  natural  frequencies  and  damping  character¬ 
istics  oi  the  equipment  components  as  well  as  the  characteris¬ 
tics  of  the  test  input  used  to  determine  the  tolerance.  The 
test  input  must  bs  comparsd  to  the  probsble  ground  shock  input. 

Equipment  items  will  generally  he  bolted  or  otherwise 
attached  to  their  supports.  Shock  protection  would  be  achieved 
by  mounting  the  equipment  on  flexible  supports  (springs). 

Thus,  ths  equipment  will  be  subjected  to  e  vibratory  motion 
(ground  shock  input).  Provision  of  shock  mounting  to  reduce 
the  peek  acceleration  amplitude  to  e  tolerable  value  may  in> 
traduce  resonance  problems  beceuse  of  tbs  vibratory  input. 


4-2  Summary  of  Results  of  Research 

Pertinent  data  concerning  shock  effect!  on  equipment 
and  othar  interior  component!  were  obtained  from  a  review 
of  literature  and  at  meeting*  with  various  organisations. 

Data  compiled  from  pertinent  publication*  aru  presented  and 
discussed  in  detail  In  Section  A -4  of  Appendix  A,  Minutes  of 
die  meetings  are  presented  in  Appendix  B.  This  section  sum¬ 
marises  the  significant  results  of  this  research. 


4-2 


It  is  evident  that,  for  the  wide  range  of  equipment  which 
may  be  used  in  shelters,  the  maximum  shock  tolerances  will 
vary  considerably  more  than  those  for  personnel.  Although 
personnel  shock  tolerances  may  vary  depending  on  the  age  and 
physical  condition  of  individual  persons,  it  was  possible  to  es • 
tablish  one  set  of  values  which  would  have  general  application 
(Chapter  Ill).  To  establish  the  maximum  shock  tolerance  for  a 
particular  item  of  equipment,  it  is  necessary  to  perform  tests 
or  analyses.  The  shock  tolerances  for  items  of  similai  func¬ 
tion  may  vary  depending  cm  the  manufacturer  and  the  exact 
construction  of  the  equipment. 

Only  select  items  of  equipment  have  been  tested  to  de¬ 
termine  shock  tolerances  applicable  for  protection  from  the 
damage  which  may  be  caused  by  ground-shock  motions.  How¬ 
ever,  data  are  available  concerning  general  shock  effects, 
indicating  strength  and  ruggednccs  or  sensitivity  of  equipment. 
In  many  cases,  safe  acceleration  values  are  known,  although 
it  is  recognised  that  maximum  tolerances  may  be  considerably 
higher  even  though  the  actual  limit  bat  not  been  verified  by 
testing  or  analysis.  Thsse  safe  values  wsro  established  on  the 
basis  of  the  ehock  environment  during  shipment  of  the  equip¬ 
ment  in  railroad  cars  and  trucks  and  on  die  loads  sustained 
during  normal  operation  of  the  equipment 

Based  on  transportation  and  conventional  operational 
shock  requirements,  most  commercial  mechanical  and  elec¬ 
trical  equipment  item*  are  known  to  be  able  to  sustain  at 
least  3  g.  See  Sections  B-2  and  B-7,  and  References  4  I 
(Section  A-S.  tg)  and  4.  2  (Section  A-S.  21). 

Fragile  equipment  (such  as  electronic,  equipment)  can 
generally  sustain  I.  5  g.  See  Section  B-2  end  References  4.  3 
(Section  A -4.  2a),  4. 4  (Section  A-S.  2b).  and  4. 5  (Section 
A-S.  2)). 


Shock  tolerances  for  commercial  mechanical  and 
electrical  equipment  are  in  many  cates  higher  than  >  g.  •« 
probably  S  g.  and  greater.  Hom ever,  the  use  ot  such  accel - 
eration  values  would  require  verification  by  shock  tasting. 
See  Section  B-7  and  References  4. 2.  4.  4,  and  4.  S. 

Examples  of  expected  tolerances  for  equipment  are 
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given  in  Table  4-1.  See  References  4.  1,  4.  2.  4.  5,  and  4.  6 
(Section  A-5.  2h). 

Table  4-1  Examples  of  Equipment  Shock  Tolerances 

Item 

Peak  Acceleration 

Fluorescent  Lighting  Fixtures  (with 
lamps)  (Refertnces  4.  i,  4.2,  k  4.6) 

20  to  30  g. 

Heavy  Machinery  -  Motors,  Genera¬ 
tors,  Transformers,  stc.  (4000  lb. ) 
(Rafaranca  4.  S) 

10  to  30  g. 

Medium-Weight  Machinery  -  Pumps, 
Condensers,  Air  Conditioners,  ate. 
(1000-4000  lb. )  (Rafaranca  4.  7) 

IS  to  46  g. 

Light  Machinery  -  Small  Motors,  ate. 
(1000  lb.)  (Rafaranca  4.7) 

30  to  79  g. 

A*  prtviouiiy  mentioned,  puk  toiiribli  tccilirtlimi 
lor  a  vibratory  input  depend  on  lb*  frequency  o I  tbo  input 
motion.  If  the  input  frequency  ia  cioaa  to  tbo  frequencies  of 
tba  equipment  components,  amplificationa  dua  to  rtaonanea 
will  occur  effecting  a  lower,  tolarabla  input-acce) oration  am* 
pi  i  hide.  It  ia  racommandad  (Reference  4.  3)  that  aquipmant 
frequencies  batwaar  I /I  and  2  timaa  tboaa  of  tba  aupport  lor 
tba  aquipmant  ba  avoidad,  or  that  provision  ba  mat*#  lor  tbam 
by  considering  a  raaonanca  pbaoomanon  with  a  aurtaioad  har¬ 
monic  input.  Tba  atfact  of  raaonanca  can  ba  minimised  or 
eiim'nated  by  providing  aufflctant  damping  to  tba  a  hock  (nota¬ 
tion  ayattm.  However,  when  deaignirg  abocb  isolation  ay  a* 
Uma  for  equ.pnuot,  low-frequency  ayatama  (compared  to 
aq  .ipmant  fraquanciaa)  will  ba  achieved  in  toot  caaaa,  aad 
raaonanca  should  not  ba  a  problem  (Section  H-V).  Based  on 
tba  ralativaly  high  fraquanciaa  of  Hm  componanta  of  moat 
aquipmant  itama,  abocb  isolation  at  irequoucie*  below  10 
c.  p.  a.  would  probably  ba  tow  enough  to  pravant  amplificationa 
dua  to  reactance  with  aquipmant  fraquanciaa. 

In  ganaral,  maximum  abocb  tolerances  far  standard 
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commercial  equipment  will  not  be  known.  Thus,  safe  toler¬ 
able  acceleration*  of  3  g.  for  mechanical  and  electrical  equip¬ 
ment  (moat  equipment  in  a  civil  defense  shelter  will  be  in  theae 
categories)  and  1.  5  g.  for  electronic  equipment  would  have  to  be 
used  for  design  values,  unless  shock  testing  is  to  be  conducted. 

A  discussion  of  shock  testing  facilities  and  current  techniques 
used  for  shock  testing  is  presented  in  Section  A-6  of  Appendix  A. 

For  the  shock  environment  designated  for  this  study 
(design  spectra  plotted  in  Figures  7-8  and  7.9  of  Chapter  VII), 
the  *ho<.K-l«c  'ation  frequencies  and  the  relative  displacement* 
required  to  limit  the  accelerations  to  3  g.  are  listed  in 
Table  4-2. 


Table  4-2  Shock 

Inflation 

Requirements 

Vorfl^al 

Direction 

Horisontal 

Direction 

Ovorpres 

sure  Frequency  Displacement  Frequency  Displacement 

(pel) 

(epe) 

... 

(epe) 

(I*) 

25 

9.0 

0.4 

13.0 

0.2 

100 

3.0 

3  2 

4.4 

15 

300 

1.4 

14.0 

2.4 

5.0 

Except  for  the  Lorisontal  direction  ailtp.i.i.,  the 
isolation  frequencies  arc  teas  than  10  c.p.s.  to  t educs  the 
13.  3-u.  p.  s.  value,  a  lower  acceleration  and  n  higher  relative 
displacement  would  have  to  he  used  In  the  design.  The  fre¬ 
quencies  listed  in  Tnble  4-2  (particularly  for  100  h  300  p.e.  1. ) 
necessitate  the  use  of  flexible  connections  for  equipment  *-,o- 
ports.  Such  r.ealbility  can  he  achieved  by  the  use  it  springs 
(See  Chapter  v).  To  isolate  fragile  electronic  equipment  to 
I.  $  g. ,  lower  frequency  system*  than  those  listed  in  Table 
4-2  would  be  requited. 

tn  the  case  where  maximum  shock  tolerances  ere  known 
from  tests  end  particularly  when  the  equipment  is  rugged,  it 
may  not  he  necessary  to  provide  a  flexible  (spring)  shock 
mounting.  For  example,  referring  to  the  design  spectra 
(Figures  7-0  end  7-9),  it  the  acceleratin',  tolerance  li  greater 
than  19  g  .  no  shock  isolation  wnuld  be  required  at  the  25- 
p.  s.  I.  overpressure  level.  In  this  case,  the  equipment  could 


b?  anchored  rigidly  to  the  floor  slab,  providing  theie  is  no 
problem  due  to  resonance  with  the  frequencies  of  the  floor, 
and  also  provided  that  the  required  strength  can  be  attained  in 
the  connection  to  develop  the  high  acc  iteration  forces. 

For  other  interior  components,  such  as  partitions, 
furniture,  cabinets,  hardware,  ductwork,  piping,  etc. ,  it  is 
not  practical  to  designate  general  acceleration  tolerances. 

Each  item  would  require  individual  analysis  to  determine  the 
strength  of  the  item  compared  to  the  imposed  dynamic  forces. 

If  the  items  are  rigidly  connected  to  the  structure  floor,  wall, 
or  ceiii.ig,  they  must  have  sufficient  strength  to  sustain  the 
high  accelerations  of  the  structure.  These  accelerations  would 
be  somewhat  reduced  if  the  item  itself  is  flexible.  If  neces¬ 
sary,  shock  mounting  similar  to  that  provided  for  equipment 
can  be  utilised. 

Unattached  furniture  may  be  subjected  to  less  severe 
loadings  than  those  imposed  on  attached  furniture  since  the 
high  initial  accelerations  of  the  structure  will  not  be  felt. 
However,  the  stability  of  the  furniture  would  have  to  be  eval¬ 
uated  in  addition  to  the  possible  hasard  to  nearby  personnel. 
The  curves  in  Figures  3-1  to  3-i  can  be  used  to  estimate  the 
relative  motion  of  the  furniture  with  respect  to  the  structure. 


4-3  Recommended  Design  Criteria 
4-3. 1  General 

Based  on  the  shock  tolerance  data  tumnu  ised  an*. 
cussed  In  the  previous  sections  of  this  chapter,  recommended 
design  crltsris  srs  presented  below.  Criteria  for  equipment 
presented  for  two  categories:  (1)  non -shock -tee tad  equip¬ 
ment  and  (2)  shock-tested  equipment.  Criteria  for  miscel¬ 
laneous  interior  components  are  also  given. 

In  addition  to  satisfying  the  acceleration  and  frequency 
limitations  for  equipment,  other  design  factors  mutt  be  con¬ 
sidered:  (1)  sufficient  rattle  space,  as  determined  from  the 
design  spectra,  must  be  provided  to  accommodate  relative 
displacements  resulting  from  the  flexibility  Introduced  by  the 
■hock  mounting;  (2)  cables  and  wires  connected  from  the 


structure  to  the  shock 'mounted  equipment  must  be  flexible 
enough  to  accommodate  the  relative  displacements;  (3)  the 
effect  of  rocking  or  tilting  on  the  performance  of  the  equip¬ 
ment  must  be  considered;  and  (4)  mounting  connections  must 
be  provided  with  sufficient  strength  to  transfer  the  forces  due 
to  the  peak  accelerations. 

4-3.2  Criteria 

a.  Equipment  Category  One:  Non-Shock  Tested  Equip¬ 
ment 

The  peak  acceleration  amplitudes  in  the  vertical 
and  horisontal  directions  and  the  peak  frequency  of  the  iso¬ 
lated  system  shall  not  be  greater  than  the  following: 

Mechanical  and  Electrical  Equipment  3  g.  ,  iO  c.  p.  s. 
Electronic  Equipment  1.  5  g. ,  10  c.  p.  <*. 

b.  Equipment  Category  Two:  Shock-Tested  Equipment 

For  this  case  the  tolerable  accelerations  ae  a  func¬ 
tion  of  the  frequency  of  isolation  will  be  used. 

c.  Miscellaneous  Interior  Components 

For  miscellaneous  interior  components,  such  as 
partitions,  furniture,  hardware,  ductwork,  piping,  etc. , 
each  item  must  bt  evaluated  and  sufficient  strength,  anchor¬ 
age,  end  flexibility  provided. 
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CHAPTER  V 


SHOCK  ISOLATED  PLATFORMS 


5*1  Introduction 


The  design  of  shelters  for  personnel  protection  level 
one  (Section  3-3)  and/or  for  equipment  (Section  4-3)  will  re¬ 
quire  the  use  of  flexible  support  systems  to  attenuate  to  toler¬ 
able  levels  the  high  accelerations  associated  with  the  structure 
motions.  Effective  methods  of  accomplishing  this  are:  (1)  a 
combination  platform  and  spring  support  system  and  (2)  indiv¬ 
idual  spring  mounts.  The  former  is  usually  employed  when  a 
number  of  pieces  of  equipment  require  shock  isolation  and/or 
when  personnel  are  to  be  protected  while  the  latter  is  used  for 
the  shod'  isolation  of  individual  pieces  of  equipment.  This 
d!scussion  will  deal  primarily  with  the  former. 

In  most  cases,  shock-isolated  platforms  will  have  to 
be  low-frequency  systems  in  the  order  of  2  or  3  c.  p,  s.  or 
less  tor  personnel  protection  (Tables  i-1  and  '-2)  and  slightly 
higher  (Table  4-2)  for  protection  of  equipment.  Frequencies 
of  these  magnitudes  usually  require  flexible  systems  for  both 
the  horiaontal  and  the  vertical  motions  of  the  structure.  Two 
methods  (Reference  5.  1  to  5.  8;  Sections  A-7.  2c  to  A-7  *j> 
are  generally  being  used  at  this  time  to  produce  the  required 
flexibility.  1.  e.  ,  (l )  pendulum  arrangements  whereby  the 
platforms  are  suspended  from  spring  supports  which  in  turn 
are  attached  to  the  roof,  or  near  the  roof,  of  the  shell  of  the 
structure,  and  (2)  base -mounted,  shuck -isolated  platform; 
platform  resting  on  spring  supports  which  in  nun  are  mounted 
on  the  bate  slab  of  the  shell.  The  selection  of  the  appropriate 
system  for  use  in  a  specific  design  i*  dependent  upon  the  de¬ 
sign  criteria  'population,  site  condition,  pressure  level,  and 
functional  requirement  in  addition  to  b>  ig  interrelated  with 
the  required  shape  ami  dimension*  of  shell  (ait  *  dependent  de¬ 
sign  criteria),  the  reliability,  and  the  costs  These  factors 
wilt  be  discussed  in  more  detail  L.  subsequent  sections 
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A  spring  assembly  consists  of  the  spring  and  its  assoc¬ 
iated  equipment.  The  type  of  equipment  will  depend  upon  the 
spring  type  and  the  method  used  to  support  the  platform  (pendu¬ 
lum  or  base  mounted). 

Several  different  type*  of  springs  are  available  which 
lend  themselves  to  use  in  shock-isolated  systems.  They  con¬ 
sist  of  (1)  air  springs,  (2)  liquid  springs,  (3)  conical  volute 
springs,  (4)  helical  coil  springs,  and  (5)  beam  springs.  The 
use  of  any  of  these  springs  in  a  particular  system  will  be  gov¬ 
erned  by  the  magnitude  and  direction  of  the  accelerations  and 
displacements  associated  with  the  motions  of  the  structure,  the 
platform  sire  (total  load:  dead  load  plus  dynamic  load),  the 
method  of  supporting  the  platform,  and  the  reliability. 

The  use  of  the  air  or  liquid  springs  is  generally  assoc¬ 
iated  with  relatively  large  loads  and  displacements  (in  the  or¬ 
der  of  two  feet  or  more )  (Section*  A -7.  I  and  B.  i).  For  the 
ioads  and  displacements  associated  with  the  shock  environ¬ 
ment  for  the  pressure  levels  considered  in  this  report,  the  use 
of  these  springs  will  probably  he  uneconomical.  The  air  and 
liquid  springe  (except  in  a  closed  system)  require  air  or  liquid 
pumps  to  maintain  the  pressures  necessary  to  cushion  the  in¬ 
put  loads.  The  reliability  of  these  springs  in  shelters  it  prob¬ 
ably  somewhat  lest  than  that  of  the  other  typee  mentioned 
above  because  of  the  ever  present  possibility  the  occurrence 
of  pressure  leakage  within  the  spring  system.  This  possibility 
ol  leasttge  usually  will  require  continuous  Inspection  which 
would  probably  be  undesirable  for  civil  defense  shelters 
Beam  and  volute  spring*  will  be  useful  when  small  structure 
motions  are  encountered.  That  is.  beam  springe  will  usually 
suffice  fer  displacements  of  one  or  two  incl  t  while  volute 
springs  can  b*  ussd  for  displacements  in  the  order  of  four  to 
six  inches.  However,  in  most  cases  the  use  of  helical  spring! 
for  structure  displacements  less  then  approximately  twenty  - 
foui  inches  wil*  produce  the  most  efficient  suspension  system 
insofar  as  strength  and  economy  are  concerned.  Helical 
springs,  at  the  present  time,  are  available  in  wire  sites  up  to 
1*1/2  inches  in  diameter  and  free -heights  up  to  five  or  six  feet. 
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A  helical  coil  spring  is  available  in  one  of  two  possible 
types,  i.  e. ,  compression  and  extension  (tension)  springs. 

The  compression  spring  consists  of  a  continuous,  open-wound 
helical  coil  finished  at  the  ends  so  as  to  provide  resistance 
to  compression  forces.  The  extension  spring  differs  from 
the  compression  spring  (insofar  as  general  appearance  is  rnn- 
cerned)  only  in  that  it  has  a  close -coiled  helical  shape  with 
ends  so  formed  as  to  permit  its  use  in  applications  requiring 
resistance  to  pulling  forces. 

a.  Load  Application  to  Spring 

A  load  can  be  applied  to  a  compression  helical 
spring  in  one  of  two  ways,  i.  e. ,  in  the  first  method,  the  load 
is  transferred  through  a  series  of  bearing  plates  and  steel  rods 
with  the  spring  acting  as  an  intermediary  ^Figure  5-1),  while 
the  second  method  consists  of  applying  the  load  directly  to  the 
top  of  the  spring  which  in  turn  will  transfer  the  load  to  the 
support  below  (Figure  5-2.  b).  The  first  method  is  typical  of 
the  pendulum-supported,  shock -isolated  platform  while  the 
second  method  is  utilised  in  a  base-mounted  Isolation  system. 

b.  Pendulum  Assembly 

In  the  case  of  the  pendulum,  the  structure  motions 
are  applied  first  to  the  steel  rod  which  is  connected  to  the 
concrete  shell  (Figure  5-1)  a^d  supports  the  spring  by  means 
of  a  flacge  plate  at  the  bottom  of  the  rod.  As  the  rod  and  the 
plate  move  down  (structure  motion),  the  load  within  th<>  coring 
is  relieved,  thereby  relieving  the  pressure  on  the  top  ft'.nge 
plate  which  supports  the  spring  cage  which  in  turn  supports 
the  platform  attached  below.  By  relieving  the  compreesion 
in  the  spring,  the  platform  will  fall  due  to  gravity  until 
such  time  ae  It  will  begin  to  overtake  ...a  bottom  flange 
plate.  At  this  instint,  the  spring  will  again  begin  to  recom¬ 
pense.  The  spring  then  vibrate*  about  ite  "at  rest"  position 
(deflected  position  of  the  epting  caused  by  the  static  load  ot 
the  platform)  until  damping  brings  the  system  to  rest. 


In  jsneral,  this  system  should  be  designed  fo»  a  dy¬ 
namic  load  response  not  to  exceed  one  g.  Loads  greater  than 


Note: 


Universal  connections  at  the  top  and  bottom  of  the 
pendulum  are  not  shown. 
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one  g.  will  extend  the  spring  beyond  its  free  height  which  is 
undesirable  and  may  cause  buckling  of  the  tie  rod  (Figure  5.  1). 
Furthermore,  a  dynamic  load  larger  than  one  g.  will  produce 
an  unstable  suspension  system  due  to  the  existence  of  the  ball- 
type  (universal)  connections  at  the  top  and  bottom  of  the  spring 
assembly.  The  physical  arrangement  of  the  assembly  is 
adaptable  to  the  pendulum  system  because  of  the  latitude 
wi.ich  exists  in  the  selection  of  the  length  of  the  tie  rods;  in 
addition,  the  pendulum  connection  to  the  platform  usually  can 
be  made  near  the  center  of  gravity  of  the  platform  load. 

The  pendulum  spring  assembly  is  quite  adaptable  to 
shock-isolatad  platforms  for  personnel.  Here,  the  system 
can  be  designed  economically  for  the  low  dynamic  response 
required  ior  personnel  protection  (Section  3-4),  particularly 
the  dynamic  response  due  to  the  horizontal  motions  of  the 
shelter.  Pendulum  lengths  in  the  order  of  approximately  10 
feet  or  greater  will  usually  reduce  the  horizontal  accelera¬ 
tions  of  the  structure  to  as  low  aa  0.  2  g.  or  less  which  is  far 
below  the  design  criteria  of  Section  3-4.  For  the  purpose  o.' 
analysis,  the  vertical  and  horizontal  motions  can  generally 
be  uncoupled  (Reference  5.  1;  Section  A  >7,  2c)  except  fora  very 
short  pendulum  length  in  which  case  a  non-linsar  coupling 
between  the  vertical  and  horisontal  motions  will  occur.  This 
non-linear  coupling  results  in  an  unstable  system  when  the 
vertical  frequency  is  twict  the  horisontal  frequency.  How¬ 
ever,  this  effect  becomes  smalt  when  the  ratio  is  greater 
than  2.  5  (Reference  ».  1  and  5.  4;  Sections  A-7.  2c  and 
A-7.  2f)  for  the  motions  considered.  The  short  pendulum  sys¬ 
tem  usually  can  be  made  stable  with  the  use  of  horisontal 
springs  (Figure  s-ie)  or  dampers. 

c.  Base -Mounted  Assembly 

The  base -mounted  spring  assembly  is  a  simple  system 
in  comparison  to  that  of  the  pendulum.  He'**,  flanges  are 
attached  rigidly  to  the  lop  and  bottom  of  the  spring.  The  top 
flange  is  connected  to  the  platform  while  the  bottom  flange  is 
attached  to  the  foundation  slab.  These  connections  must  be 
of  a  rigid  type  to  prnduce  a  stable  system;  therefore,  the 
springs  of  the  base -mounted  system  will  essentially  function 
as  a  cantilever  under  the  action  of  the  horisontal  motions  of 
the  structure. 
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The  base -mounted  spring  system  is  similar  to  a  short 
pendulum  system  insofar  as  the  occurrence  of  non-linear 
coupling  of  the  vertical  and  horizontal  motions  will  exist. 

In  addition,  the  bat.e -mounted  system  will  be  subjected  to 
rocking  motions  due  to  the  eccentricity  of  the  platform  load 
in  relation  to  the  center  of  gravity  of  the  springs.  The  prim¬ 
ary  effect  of  this  rocking  is  the  increase  of  the  vertical  de¬ 
flection  of  the  springs  above  that  resulting  from  the  pure  ver¬ 
tical  motion  of  the  system. 

Ouite  often  the  base -mounted  shock  isolation  platform 
will  require  a  "soft”  system  to  attenuate  the  vertical  accel¬ 
erations  of  the  structure  to  a  safe  level  (as  in  the  case  of 
personnel  protection).  This  flexibility  quite  often  will  result 
in  an  unstable  system  under  ths  action  of  the  horizontal  mo¬ 
tions  of  the  shelter.  Stability  usually  can  be  obtained  with 
the  use  of  horizontal  springs.  Beam  springs  have  been  found 
to  be  useful  for  this  purpose. 


5-3  Platforms 

The  platforms  used  in  protective  shelters  usually  con¬ 
sist  of  structural  steel  framing  with  deck  plates,  steel  grat¬ 
ings,  or  some  other  commonly  used  flooring  material.  The 
interior  steel  structure  may  consist  of  one,  two,  or  many 
stories  depending  upon  the  population,  the  amount  of  equip¬ 
ment,  and  the  ahape  of  the  shell.  In  most  cases,  the  use  of 
one-  or  two -story  platforms  will  produce  the  meet  economi¬ 
cal  arrangement. 

Generally,  the  uae  of  pendulum -type  supports  wiu» 
suspension  ay  stems  having  lw\*  <e.r  more  sterlet  is  more  prac¬ 
tical  than  base -mounted  systems  because  the  attachments  of 
the  pendulums  u>  U»«j  platforms  can  be  made  near  the  centroid 
of  the  steel  >■-  etura.  If  base  mount*  ere  used,  the  large 
rocking  effect*  resulting  from  the  eccentricity  of  the  plat¬ 
form  load  will  substantially  increase  the  required  spring  cap¬ 
acity  and  will  probably  somewhat  increase  the  overall  dim¬ 
ensions  of  the  structure  (suspension  system  and  shell). 
Therefore,  if  possible,  the  use  of  base -mounted  shock-iso¬ 
lated  platf»«>  ms  should  be  restricted  to  single-story  levels 
where  large  eccentricities  will  not  oezur.  The  uae  of  base- 
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mounted  springs  and  platforms  is  an  effective  method  of  shock 
isolating  the  individual  pieces  of  equipment.  Here,  the  equip¬ 
ment  can  be  mounted  near  the  centroid  of  the  spring  supports 
in  a  manner  similar  to  that  shown  in  Figure  5-2c. 

In  those  structures  where  both  personnel  and  equipment 
are  shuck  isolated  foi  protection,  the  use  of  a  Single  unit  will 
usually  be  preferable  to  utilizing  separate  platforms.  Here, 
the  use  of  the  lower  shock  tolerances  for  the  personnel  will  be 
required,  thereby  giving  the  system  as  a  whole  a  greater  rc - 
liability. 

In  most  cas?t  when  equipment,  partitions  and  other 
such  items  are  supported  on  platforms,  they  should  be  attached 
to  prevent  any  relative  motion  with  rospect  to  the  platform. 
Furniture,  on  the  other  hand,  probably  need  not  be  attached 
directly  to  the  platform  but  should  br  arranged  such  that  any 
movement  is  minimised  by  friction. 


5-4  Advantages  and  Disadvantages  of  Support 
Methods  Used  tor  Shock  Isolation  Platforms 

Each  of  tht  support  cystoma  (pendulum  and  bast 
mounted)  mentioned  ptevionsly  wit)  present  certain  advantages 
and  disadvantages  which  may  or  may  not  have  a  bearing  upon 
the  final  selection  of  the  type  of  shock -isolated  platform  to  be 
utilised  in  a  particular  design.  The  relative  importance  of 
these  advantages  and  disadvantages  will  be  dependent  upon  vari¬ 
ous  parameters  (pressure  level,  site  condition,  population, 
siructura  configurations,  etc. )  which  4ffect  the  design  as  a 
whole,  t.e. .  in  shelters  with  a  large  population,  the  platfor... 
span  w-ouid  have  a  significant  bearing  upon  the  aelection  of  the 
suoporl  system  while  in  smalt  shelters  other  factors  would  hi 
more  important  Therefore,  the  weighing  of  the  relative  Im¬ 
portance  of  each  of  the  advantages  and  disa  vantages  in  a  par¬ 
ticular  situation  must  be  made  by  the  designer 

The  following  discussion  of  the  two  supports  system*  is 
not  for  the  purpose  of  comparison  but  only  to  point  out  the 
merits  of  each  system 


5-4.  1  Pendulum  System 


a.  Advantages 

1.  Pendulums  having  lengths  approximately  10 
feet  or  greater  wiM  no*,  usually  require  horisontal  stabilising 
systems  (horisontal  springs  or  dampers). 

2.  Horisontal  accelerations  associated  with  pen¬ 
dulums  having  lengths  approximately  10  feet  or  greater  will 
usually  be  less  than  the  horisontal  acceleration  tolerances 
specified  for  personnel  protection  (Section  1  S). 

t.  Pendulum  systems  can  be  utilised  to  produce 
flexible  supports  required  to  attenuate  the  high  acceleration  as¬ 
sociated  w*th  the  vertical  motion  of  the  structure,  in  order  to 
provide  protection  for  personnel. 

4  The  use  of  pendulum  systems  will  facilitate  the 
use  of  both  singls  and  multistory  platforms  in  suspension 
systems. 


5.  for  short  plstform  spans,  no  intermediate 
supports  are  required  wvth  pendulum  systems. 

6.  Pendulum-type  supports  are  readily  adaptable 
in  those  structures  where  curved  foundation  slabs  (horisontal 
cylinders  or  dome  type  foundation)  are  present. 

h  Disadvantage 

1.  For  short  pendulum  lengths,  non-linear  .up- 
ling  of  the  vertical  and  horisontal  motions  may  produce  un¬ 
stable  shock -isolation  systems. 

2.  Short  pendulum  lengths  squire  thn  use  of  hor- 
isontal  springs  or  dampers  to  prevent  the  occurrence  of  un¬ 
stable  shock -isolation  systems 

J  Verticil  accelerations  greater  than  one  g.  may 
produce  buckling  of  pendulum  struts  and/or  unstable  shock - 
isolation  system. 


4.  In  pendulum  system*,  the  supports  will  ex¬ 
tend  above  the  platforms. 

x  Large  platform  spans  wil*  require  either  in¬ 
termediate  supports,  which  extend  above  the  platform,  or 
very  heavy  framing  when  pendulums  are  used. 

6.  Pendulums  are  required  to  be  suspended  from 
the  roof  or  the  walls  of  th>  structure  shell. 

7.  Because  the  roof  support  for  a  pendulum-type 
shock -isolation  system  must  first  be  in  place,  the  ascembiing 
and  the  mounting  of  the  platform  may  be  required  after  the 
completion  of  the  structure  shell. 

8.  The  volume  of  the  shell  must  be  increased  to 
provide  sufficient  tattle  space  tor  the  movement  of  the  platform. 

L4  1  Baas -Mounted  System 

a.  Advantages 

1.  In  most  casts,  the  base-mountsd  support  sys¬ 
tems  can  be  used  to  attenuate  the  high  accelerations  assoc¬ 
iated  with  the  structure  motions  to  a  tolarable  level  for  per¬ 
sonnel  and  equtpmant  protection. 

2.  Base -mounted  aysteme  can  be  used  in  shock 
isolation  systems  with  dynamic  load*  greater  than  one  g. 
(restrained  personnel  or  equipment  protection). 

I.  The  uee  of  base-mounted  spring  systems  wt-l 
usually  facilitate  the  shock  isolation  of  individual  pieces  of 
equipment. 


4.  '.Its  use  of  the  base -mounted  system  will  fa¬ 
cilitate  the  use  n(  single -story  platforms. 

V  Spring  supports  for  base -mounted  shock- iso¬ 
lation  systems  will  not  extend  above  the  level  of  the  platform. 

6.  For  short  platform  spans,  no  intermediate 
supports  are  required. 


*•10 


7.  Short  continuous  platform  spans  will  not  re- 
autre  intermediate  supports  which  extend  above  the  surface  of 
the  platicrm. 

8.  Light  framing  may  be  used  with  continuous -span 
platforms  because  intermediate  spring  supports  are  readily 
adaptable  to  the  base 'mounted  system. 

9.  Base 'mounted  support  systems  are  appropriate 
for  use  in  rhe'ters  which  have  monolithic  foundations. 

10.  Platform  supports  need  not  be  attached  to  the 
roof  or  walls  of  tha  shelter. 

11.  The  shell  need  not  be  completed  before  the  as¬ 
sembly  and  the  mounting  of  the  platform  Is  performed. 

b.  Disadvantage 

1.  Rocking  motions  associated  with  base -mounted 
support  systems  will  require  additional  length  and  strength  of 
the  springs. 


*.  Flexible  spring  supports  for  the  vertical  mo¬ 
tion  of  th*  structure  may  jrssult  in  an  unstable  system  for  the 
horiaontai  motion  of  the  structure. 

3.  Horiaontai  springs  or  dampers  may  he  required 
tn  some  cases  to  prevent  the  occurrence  of  an  unstable  system. 

4.  Base -mounted  support  systems  are  to  be 
avoided  wh**>  floating  floor  slabt  exist  within  e  eheltet. 

5.  The  volume  of  the  shell  must  hs  increased  to 
provide  sufficient  rattle  epace  for  inoven  it  of  the  platform. 

In  addition,  headroom  within  the  sbelte,  «n  *t  be  made  evail  - 
able  sn  es  to  provtds  specs  for  the  springs  below  the  platform. 


5-5  Comparison  of  Support  Methods  Used  for  Shock 
Isolation  of  Platform 

A  direct  comparison  of  the  two  support  systems  is  only 
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significant  ••-■hen  it  is  related  to  a  specific  design  condition 
where  the  actual  weighing  of  the  individual  qualities  or  disad¬ 
vantages  of  a  system  can  be  expressed  quantitatively.  For  the 
purpose  of  this  report,  a  qualitative  comparison  of  the  prop¬ 
erties  of  the  two  systems  has  been  made.  This  comparison  is 
presented  in  Table  5-1  in  a  "check  list"  type  of  presentation: 
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Table  5-1  Qualitative  Comparison  of  Support  System 

Platform  Support  System 


Comparable 

Items 


Pendulum 


Base  Mounted 


Attenuation  of  vert, 
accelerations 


Attenuation  of  horix. 
accelerations 

Rocking 

Type  of  platform 
Platform  supports 


Short  single -plat¬ 
form  spans 

l«rge  single -plat¬ 
form  spans 

Short  continuous  - 
platform  spans 

Large  continuous  - 
platform  spans 

Attachment  points 

Pounds  tlon-alnb 

shape 

Foundation- slab  type 

Use  of  horia.  springs 
or  dampers 

Volume  of  shell 


one  g.  or  less 

usually  0.  2  g.  or 

less 

usually  negligible 

single  h  multistory 

extend  above 
platform 

desirable 

less  desirable 

less  desirable 

less  desirable 

roof  or  walls 

curved  or  straigh* 
floating  t  monolithic 

seldom 

increased 


as  required 

■ 

slightly  higher 
more  pronounced 
single  story 

below  platform 

desirable 

less  desirable 

desirable 

less  desirable 
base  slab 

straight 

monolithic 

more  often 
farther  Increased 
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CHAPTER  VI 


PROTECTIVE  CUSHIONING  MATERIALS, 
PROTECTIVE  CLOTHING,  AND 
RESTRAINING  AND  BRACING  DEVICES 


6-1  Introduction 


The  personnel  protective  measures  discussed  in  this 
chapter  include  the  use  of  (1)  protective  cushioning  materials 
(energy -absorbing  padding  placed  on  interior  surfaces  of  the 
shelter);  (2)  protective  clothing  (helmets,  padding,  torso  gir¬ 
dles,  and  protective  shoes);  (i)  restraining  devices  (lap  belts, 
shoulder  belts,  ankle  and  wrist  restrainers,  and  secured  seats); 
and  (4)  brscing  devices  (handholds  and  protective  railings). 

These  devices  can  «l!  provide  a  degree  of  protection  against 
injuries  caused  by  impact  loads.  The  method  chosen  would  be 
based  on  the  degree  of  protection  desired  the  functional  re¬ 
quirements,  and  the  cost.  It  may  be  desirable  to  use  several 
of  these  methods  in  a  particular  shelter. 

Protective  cushioning  materials  offer  the  advantage  of 
providing  protection  without  relying  on  the  personnel  in  the 
shelter  to  perform  any  precautionary  task.  Effective  use  of 
protective  clothing  requires  an  element  of  control  in  assuring 
that  the  clothing  will  fit  and  will  be  worn  during  the  emergency 
since  protective  clothing  may  be  cumbersome  and  uncomfort¬ 
able  if  prolonged  use  is  required.  An  important  advantage  in 
using  protective  clothing  is  that  the  dual-purpose  function  of 
the  shelter  area  during  non-emergency  periods  would  not  b? 
affected.  With  advanced  planning  and  proper  supervision  of 
the  personnel,  restraining  devices  can  provide  protection 
against  injuries  resulting  from  impact.  Bracing  devices  can 
be  used  to  provide  supplementary  protection  in  conjunction 
with  one  or  more  of  the  other  methods. 

6-2  Protective  Cushioning  Materials 


6-2.  I  General 

Protective  cushioning  materials  can  be  used  as  energy¬ 
absorbing  padding  to  protect  personnel  from  injuries  caused  by 


impact.  As  specified  in  Section  3-3,  cushioning  materials 
are  to  be  provided  on  such  potential  impact  surfaces  as  floors, 
walls,  low  ceilings,  and  interior  furnishings,  including  flat 
surfaces  as  well  as  corners  and  edges. 

Cushioning  is  required  on  flat  impact  surfaces  where 
impact  may  occur  at  velocities  greater  than  10  ft.  /sec.  re¬ 
sulting  from  falling  over  in  which  case  it  has  been  calculated 
that  impact  velocities  would  probably  not  exceed  17  ft.  /sec. 

(Section  3-2).  Protection  against  injuries  to  the  head  are  of 
particular  concern.  Cushioning  is  also  required  to  protect 
against  injuries  resulting  from  falling  over  and  striking  a  cor¬ 
ner  or  edge.  On  exterior  walls,  protection  must  be  provided 
against  injuries  which  may  be  caused  by  compression  waves 
transmitted  by  the  blast  loading. 

Cushioning  materials  must  possess  high -energy -absorb¬ 
ing  properties.  Other  desirable  properties  include; 

1.  Ease  of  application  to  any  surface. 

2.  Ease  of  cutting  and  shaping. 

3.  Low  flammability  and  free  from  release  of  toxic 
gases  when  burned. 

4.  Low  water  absorption. 

5.  Ease  of  cleaning. 

6.  Vermin-proof. 

7.  Resistance  to  chemicals  and  substances  found  in 
shelters,  including  gasoline,  oil.  soap,  etc. 

8.  Good  aging  properties. 

9.  Stable  properties  over  the  range  of  temperature  an¬ 
ticipated  in  the  shelter. 

For  use  on  floors,  the  materials  must  have  good  wear 
resistance  or  should  be  capable  of  being  coated  with  a  wear- 
resistant  surface  that  will  not  impair  the  energy -absorbing 
properties.  None  of  the  materials  available  are  capable  of  re¬ 
sisting  the  damaging  effects  resulting  from  the  concentrated 
loads  imposed  by  high-heeled  shoes.  To  minimise  damage  to  * 

the  padding,  it  is  important  to  exercise  control  over  the  type 
of  shoes  that  will  be  worn  in  the  shelter. 

An  important  property  of  shock-absorbing  materials  is 
low  rebound.  For  materials  with  high  rebound,  much  of  the 
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energy  is  transmitted  back  to  the  body  rather  than  being  ab¬ 
sorbed. 


6-2. 2  Design 

Although  danger  exists  from  impact  to  other  parts  of 
the  body,  the  most  ssvere  injuries  are  produced  by  blow*  to 
the  head.  These  injuries  are  illustrated  by  the  data  on  auto¬ 
mobile  and  aircraft  accidents  presented  in  Reference  6  1  (Sec¬ 
tion  A-7.  2n)  in  which  it  was  pointed  out  that  75  percent  of  fa 
talities  are  due  to  injuries  to  the  head.  Based  on  such  obser¬ 
vations,  it  is  generally  accepted  that  protection  of  the  head 
against  usuries  which  may  result  from  impact  is  critical  in 
the  design  of  protective  cushioning.  Thus,  by  providing  pro¬ 
tection  for  the  head,  adequate  protection  also  results  for  othe'* 
parts  of  the  body. 

The  critical  factors  in  designing  for  impact  protection 
for  the  head  are  (Reference  6,  1): 

1.  The  maximum  g.  loading 

2.  The  maximum  rate  of  change  of  g. 

3.  The  peak  intensity  of  pressure  in  line  with  the  h'ow. 

4.  The  initial  impulse  of  the  head  striking  an  object. 

This  impulse  is  determined  by: 

Initial  Impulse  *  (Vg  -  Vj ),  where 

Mjj  i  Mass  of  the  head. 

Vj  *  Velocity  before  contact. 

V|  =  Velocity  after  contact. 

To  determine  the  magnitude  of  these  factors,  it  is  nec¬ 
essary  to  perform  tests  on  each  cushioning  material  to  in¬ 
sure  its  adequacy  for  the  specified  environment.  A  test  pro¬ 
cedure  is  recommended  in  Reference  6.  1.  In  this  tent,  a  sim¬ 
ulated  head  form  having  a  weight  of  3Q  lb.  and  a  radius  of 
3-1/2  inches  is  recommended.  The  30-lb.  weight,  which  is 
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about  three  times  as  heavy  as  a  human  head,  accounts  for  ad¬ 
ditional  body  energy  which  may  be  contributed  by  the  torso 
through  the  neck.  The  head  form  is  impacted  at  various  veloc¬ 
ities  on  test  specimens  of  the  material  and  the  measurements 
are  made  of  the  above  factors.  Control  values  of  these  factors 
for  developing  padding  for  head  impact  protection  are: 

1.  Maximum  g.  loading  -  60  g. 

2.  Maximum  rate  of  change  of  g.  -  20,000  g.  /sec. 

3.  Maximum  pressure  in  line  with  blow  -  600  p,  s.  i. 

4.  Initial  impulse  (threshold  of  fracture)  -  5.  3  lb.  /sec. 

The  maximum  acceleration,  the  maximum  rate  of 
change  of  acceleration,  and  the  initial  impulse  given  above  are 
based  on  tolerable  values  for  the  head  whereas  the  maximum 
pressure  indicates  that  the  cushioning  material  has  become 
solid. 

Because  the  properties  of  the  materials  are  quite  dif¬ 
ferent  when  used  on  a  corner  than  on  a  flat  surface,  it  is  nec¬ 
essary  to  evaluate  corners  by  separate  tests.  However,  if 
the  backup  material  has  a  radius  of  curvature  greater  than  2 
inches,  the  impact  effect  is  similar  to  that  of  a  flat  panel. 

Using  the  above  control  values,  safe  impact  velocities 
can  be  determined  by  recording  the  impact  velocity  at  which 
the  values  are  satisfied. 

6-2,  3  Materials 

Several  materials  are  available  that  possess  suitable 
characteristics  for  shock  absorption.  Among  the  most  im¬ 
portant  are  the  foam  plastics,  including  the  resilient  forms  of 
polystyrene  foam,  polyurethane  foam,  and  foamed  polyvinyl 
chloride.  These  materials  are  also  available  in  rigid  forms 
which  possess  outstanding  shock-absorbing  characteristics. 
However,  the  rigid  foams  are  suitable  for  protection  from  one 
blow  only  and,  in  shelter  use,  would  not  provide  adequate 
protection. 
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As  mentioned  earlier,  good  shock-absorbing  materials 
must  have  low  rebound.  For  this  reason,  elastic  materials, 
such  as  foam  rubber  and  felt,  are  not  suitable. 


Tests  were  performed  (Reference  6  1)  in  accordance 
with  the  procedure  and  controls  described  in  Section  6-2.  2  in 
order  to  determine  the  effectiveness  of  various  energy-absorbing 
materials  in  providing  protection  for  the  head  against  impact 
injuries.  These  materials  are  suitable  for  protection  against 
more  than  or>s  blow.  Based  on  these  tests,  safe  impact  vel¬ 
ocities  were  determined  as  listed  in  Table  6-1. 


Table  6-1  Safe  Impact  Velocities  of  the  Head 

Using  Protective  Cushioning  Materials 


Cushioning  Material  on 
Hard  Flat  Surface 
1  in.  -thick  Polystyrene  Foam: 
1-3/4  lb.  /cu.  ft. 


Limit  of  Safe 
Impact  Velocity 

15  ft.  /sec. 


2  in.  -thick  Polystyrene  Foam: 

1-3/4  lb.  /cu.  ft.  18  ft.  /sec. 

1  in.  -thick  *Ei<solite  (Polyvinyl 

chloride)  22266:  7  lb.  /cu.  ft.  17  ft.  /sec. 

2  in.  -thick  Foam  Rubber:  6  lb. /cu.  ft.  11  ft  /sec. 


2  in,  -thick  Polyurethane  Foam: 

Formulation  "A"  16  ft. /sec. 

(*  Trade  name  of  United  States  Rubber  Company,  Mishaw.Ua, 
Indiana. ) 


It  is  seen  from  tne  results  of  the  tests  that  one  inch  of 
Ensolite  22266  provides  the  best  protection  per  inch  of  thick¬ 
ness.  The  safe  impact  velocity  of  17  ft. /sec.  satisfies  the 
maximum  impact  velocity  resulting  from  a  person  falling 
over.  Most  other  materials  would  require  a  thickness  of  2 
inches  or  greater.  This  illustrates  the  outstanding  properties 
of  Ensolite  22266.  One  inch  of  this  material  has  been  used 
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successfully  as  a  floor  mat  in  boxing  rings. 


4 


Vinyl  coatings  may  be  applied  to  the  cushioning  mater* 
ial  to  increase  its  wear  resistance  for  use  on  shelter  floors 

Because  of  the  extremely  low  density  and  the  flexibility 
of  the  cushioning  materials  compared  to  concrete,  such  ma¬ 
terials  would  be  very  effective  in  protecting  personnel  from 
injuries  caused  by  the  compression  wave  transmitted  through 
the  exterior  concrete  walls.  Only  a  small  fraction  of  the 
peak  intensity  of  the  compression  wave  would  be  transmitted 
from  the  concrete  to  a  one-inch  thick  pad  of  cushioning  ma¬ 
terial. 


Protective  cushioning  materials  have  more  effective 
energy -absorbing  characteristics  when  applied  to  a  flexible 
backing  instead  of  to  a  rigid  backing.  Backing  construction 
such  as  thin-gauge  steel,  aluminum,  or  plastic  are  all  effec¬ 
tive.  However,  to  evaluate  the  properties  of  the  combined 
padding  and  backing,  tests  must  be  made  on  the  combination. 


6-3  Protective  Clothing 


6-3. 1  Helmets 

Efficient  helmet  designs  incorporate  a  system  that  dis¬ 
tributes  the  load  over  a  large  area  of  the  skull  and  also  includes 
snergy -absorbing  materials.  Load  distribution  is  accompllshsd 
by  using  a  hard  shall  suspended  by  padding  or  support  webbing 
at  a  distance  of  6/8  to  3/4  in.  from  the  head  (Reference  6  2V 
In  a  proper  design,  high  local -impact  forces  are  distributed 
ovsr  the  entire  side  of  the  skull  to  which  the  blow  is  applied. 

Teats  rsferred  to  in  Reference  6.  2  (Section  A-7. 2a) 
indicate  that  helmets  with  web  suspension  uistrlbute  the  blow 
more  uniformly  than  those  with  contact  padding.  However,  « 

helmets  with  contact  padding  permit  less  slippage.  A  com¬ 
bination  of  contact  padding  and  web  suspension,  therefore,  is  * 

desirable. 

4 

The  shell  of  the  helmet  must  be  as  stiff  as  is  compat¬ 
ible  with  weight  considerations.  When  the  shell  is  struck  by 

i 
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«  a  blow,  its  deflection  must  not  be  large  enough  to  permit  it 

to  coma  in  contact  with  the  head.  For  use  in  shelters  where 
comfort  is  an  important  consideration,  the  weight  should  be 
kept  to  a  minimum.  Among  the  shell  materials  that  can  pro¬ 
vide  the  required  stiffness  along  with  light  weight  are  steel* 
wire  -reinforced  bakelite,  laminated  bakelite,  high-strength 
aluminum  alloy,  vulcanised  fiber,  and  various  reinforced- 
plastic  laminates. 

Padding  materials,  such  as  polystyrene  and  polyvinyl 
chloride  foams,  incorporate  energy-absorptive  features. 

Many  padding  materials,  e.  g.  ,  foam  rubber  and  felt,  are  too 
elastic  to  absorb  a  blow.  Therefore,  it  is  important  to  con¬ 
sider  padding  materials  carefully  and  to  choose  those  materials 
that  incorporate  energy -absorbing  proper  ues. 

The  helmet  design  should  consider  the  need  lor  protect¬ 
ing  the  back  of  the  head  near  the  neck  and  the  front  of  the  head. 
Protection  for  the  front  of  the  heed  may  be  cumbersome  and 
uncomfortable  and  it  may  be  desirable  to  eliminate  this  pro¬ 
tection  for  reason*  of  comfort.  An  uncomfortable  helmet 
which  will  not  be  worn  is  of  no  use  at  all. 

In  chooeing  helmet*  from  standard  stocks,  the  above 
features  should  be  carefully  evaluated. 

6-3.  2  Miscellaneous  Padding 

In  addition  to  the  head,  cthor  areas  of  the  body  can  bo 
padded  to  protect  against  injuries  which  may  result  from  im¬ 
pact.  Such  items  as  hip  pads  and  pads  to  protect  the  ban  and 
epinal  column  are  desirable.  However,  these  items  may  be¬ 
come  uncomfortable  ii  prolonged  wear  is  required. 

For  maximum  protection,  items  1  this  type  should  be 
designed  with  a  hard  outer  ehell  placed  over  energy -absorbing 
padding. 

I 

6-V  3  Torso  Girdles 

With  impact  or  with  high  accelerations,  the  targe  gut 
mass  may  be  displaced,  resulting  in  rupture  of  the  lungs  or 
liver  and  fracture  of  the  vertebral  column.  By  enclosing  ths 
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abdomen  in  a  rigid  girdle  as  discussed  in  Reference  6.  3  (Sec¬ 
tion  A-?.  2m),  this  danger  can  oe  considerably  reduced. 

The  need  for  this  type  cf  protection  in  the  shelters  con¬ 
sidered  for  civil  defense  use  is  somewhat  questionable.  The 
structure  motions  that  are  encountered  evon  at  the  300-p.  s.  i. 
ov  rpressure  level  are  usually  not  severe  enough  to  warrant 
the  use  of  torso  girdles.  The  major  source  of  possible  injury 
is  from  personnel  being  thrown  about  in  the  shelter,  resulting 
In  impact  with  the  structure  and  items  of  equipment. 

Because  of  the  limited  protection  that  may  be  obtained 
from  the  use  of  torso  girdles,  their  use  in  civil  defense  shel¬ 
ters  is  not  recommended. 

it  -  V  Protective  Shoes 

Protective  shoes  are  generally  not  required  for  protec¬ 
tion  within  a  shelter.  The  principal  structure  motions  are 
downward,  resulting  in  separation  of  the  personnel  from  the 
structure  floor.  The  high  accelerations  that  accompany  the 
structure  motions,  therefore,  are  never  imposed  on  the  body 
through  the  feet.  However,  as  a  result  of  die  separation 
which  may  occur  between  the  structure  floor  and  personnel, 
the  body  will  be  subject  to  impact  through  the  feet  as  a  person 
fails  and  catches  up  with  the  decelerating  floor.  Maximum, 
computed  impact  velocities  for  overpressure  iovsls  up  to  300 
}*,  t.  i.  are  less  than  10  ft  /sac.  and  are,  therefore,  within 
the  tolerance  for  human  impact  (Chapter  in). 


6-4  Peatraining  Devices 

Restraining  of  personnel  within  chairs  or  cots  greatly 
alleviates  the  danger  of  Iqjury  due  to  Impact  with  the  shelter 
structure  or  item*  within  the  structure.  . .  rsonnei  coni'1  be 
restrained  so  that  there  is  tittle  possibility  of  impact  with  sur¬ 
faces  or  sharp  corners.  In  a  practical  design,  it  is  not  pos¬ 
sibles  to  restrain  all  the  personnel.  However,  by  keeping 
traffic  to  s  minimum  and  by  making  maximum  use  of  re¬ 
straints,  the  danger  of  injury  is  minimised. 


Seats  to  wbiuu  personnel  ere  restrained  must  be 


rigidly  attached  to  the  floor  and  must  be  designed  to  take  the 
full  acceleration  loading  applied  by  the  personnel  and  the 
deadweight  of  the  chair. 

Restraining  devices  for  fixing  a  perscn  to  a  chair  or 
cot  may  include  lap  telts.  shoulder  straps,  chest  straps, 
thigh  straps,  ankle  and  wrist  restrainers,  and  handholds.  In 
shelter  structures  where  comfort  is  »n  important  consideration 
and  where  it  is  practical  to  eliminate  any  possible  impact  sur¬ 
faces  forward  of  the  head,  oniy  lap  belts  and  handholds  may 
be  practical  although  additional  protection  ia  obtainable 
where  the  other  devices  are  uecd. 

A  ptrson  restrained  by  a  lap  bait  may  flail  about 
under  the  suddenly  applied  structure  motions.  Hie  hands, 
fast,  and  upper  torso  ;  tay  swing  forward  and.  in  some  cases, 
his  chest  may  hit  bis  knsss.  Wrist  and  ankle  restrainers  r-r 
handholds  attached  to  his  chair  can  ba  used  to  reduce  these 
motions.  In  addition,  iap  straps  should  be  kept  as  tight  as 
comfort  will  permit. 

With  restrained  personnel,  there  is  the  danger  of  in¬ 
jury  due  to  the  rapidly  applied  structure  motions  being  trans¬ 
mitted  to  the  body.  The  maximum  tolerable  impact  velocity 
ia  10  ft.  /aec.  (Chapter  til).  However,  for  the  design  studies 
(Chapter  VII),  the  maximum  structure  velocity  will  not  ex¬ 
ceed  10  ft,  /see.  If  the  velocity  of  t  structure  exceeds  10 
ft.  /sec. .  tbs  use  of  energy  -absorbing  padding  must  he  con¬ 
sidered. 

As  described  tu  Reference  0.  4  (Section  A-?.  21), 
belts  recommended  for  use  in  automobiles  ere  J-inch»«  id* 
nylon  with  a  loop  strength  of  4,  000  to  4. 000  lb.  This  belt 
also  appears  to  be  adequate  for  use  in  shelter  structures. 

To  minimis"  th»  l**ads  applied  to  the  seat  and  in  re¬ 
duce  the  danger  of  failure  in  the  restraining  device,  lap  belts 
should  be  attached  to  the  floor  rather  than  t«  the  seat. 

Impact  to  the  heed  can  be  avoided  If  hie  backs  of  the 
seats  do  not  extend  above  the  shoulders. 
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b-5  Bracing  Devices 

As  an  aid  in  preventing  people  from  falling  over,  hand- 
holds  may  be  used  along  the  structure  walls  and  corridors. 

To  prevent  personnel  from  impacting  with  the  walls,  protec¬ 
tive  railings  may  be  used. 

Handholds  should  nut  he  rigid  hard  materials  that  pre¬ 
sent  a  potential  haaard  to  falling  personnel  unless  these  ma¬ 
terials  are  padded.  More  suitable  handholds  can  be  rabricated 
of  rope  or  similar  material. 

Protective  railings  also  should  he  of  flexible  rather 
than  rigid  construction  except  in  shelters  where  the  entire 
structure  is  suspended  on  shock -isolating  springs,  in  which 
case  the  structure  motions  are  minimised  reducing  the  likeli¬ 
hood  of  personnel  telling.  Flexible  railings  can  be  fabricated 
of  rope  (similar  in  design  to  boxing  rings),  nets,  flexible 
wire  mesh,  canvas,  etc.  In  some  cases,  railings  of  pipe 
may  be  desirable;  however,  if  these  are  used,  padding  should 
be  provided. 

To  prevent  seated  personnel  from  being  thrown  later¬ 
ally.  sides  should  be  provided  on  the  seats.  In  the  case  of 
bench-type  seats,  dividers  should  be  provided  for  every  3  or 
4  persons  so  as  to  protect  the  entire  group  from  impacting 
against  each  other. 

To  prevent  personnel  from  telling  out  of  bunks,  a  pair 
of  vertical  straps  extending  from  tee  lower  bunk  to  the  bunk 
above  should  be  provided.  Netting  on  the  side  of  tee  bunk 
other  devices  may  also  be  used. 


6. 6  References 

6.  I  Dye.  R.  ft.  and  Smith.  M.  D. ,  "Mechanical  ,'roperties 
nf  t.ow  Density  Foams  as  Energy  Absorbers".  Mechan¬ 
ical  Enaineerinn.  Volume  80.  No.  U,  December  1458. 
Prepared  by  Cornell  Aeronautical  Laboratory,  fnc.  for 
presentation  at  I9S8  Semi-Annual  Meeting  of  tee  Amer¬ 
ican  So.icty  of  Mechanical  Engineers. 


6-10 


6.2  Goldman.  D.  E.  and  von  Geirke,  H.E. .  "Effects  of 
Shock  and  Vibration  on  Man".  Chapter  44,  Shock  and 
Vibration  Handbook,  Volume  3  (ed.  Karris.  C-  M.  and 
Grade,  C.  E. ),  1961,  McGraw-Hill  Book  Company. 

6.3  Degan,  J.W.  and  Williams,  D.  W. ,  Human  Surviva¬ 
bility:  Human  To>»r»nce  to  Ground  Shock  and  Low  Fre¬ 
quency  Vibrations  in  Command  and  Control  Facilities 
(Task  139),  Interim  Report,  Technical  Memorandum 
TM-3057,  April  24,  1961.  Prepared  by  The  MITRE 
Corporation  under  Contract  No.  AF  33(600)39892. 

6.  4  Automobile  Seat  Belts.  Report  of  the  Special  Subcom¬ 
mittee  on  Traffic  Safety,  Committee  on  Interstate  and 
Foreign  Commerce,  House  of  Representatives,  85th 
Congress,  1st  Session,  House  Report  No.  1275,  1957, 
U.  S.  Government  Printing  Office. 


6-11 


CHAPTER  VII 


DESIGN  STUDIES 


7-1  Scope 

This  chapter  presents  design  procedures  and  a  descrip¬ 
tion  and  discussion  of  the  design  studies  performed  in  con¬ 
junction  with  this  project.  These  studies  were  developed  to  a 
point  which  will  establish  design  layouts,  illustrate  typical 
methods  used  for  providing  protection  from  structure  motions 
due  to  ground  shock,  and  furnish  estimates  of  the  cost  of  those 
portions  of  the  structures  which  affect,  or  are  affected  by.  the 
method  of  shock  isolation  used. 

The  designs  were  performed  for  pressure  levels  of 
25,  100,  and  300  p.  s.  i.  ;  for  populations  of  10,  100,  and  £00 
persons  using  various  type  structures;  and  for  foundations  at 
the  various  pressure  levels.  In  this  study,  buildings  with  one 
or  more  stories  were  considered,  and  in  all  cases  th  y  w :-re. 
assumed  to  be  shallow  buried.  All  three  personnel  pio'ecti.  n 
levels  (Chapter  III)  were  considered  in  the  designs.  For  eqv  ,p- 
ment  design  criteria,  both  categories  one  and  two  (Chapter  IV) 
were  used. 


7 -2  Design  Procedure 

In  order  to  select  the  most  suitable  atroctuial  configu¬ 
rations  for  the  shelters  and  to  arrive  at  a  reasonable  estl  *ite 
of  their  cost,  the  following  procedures  have  been  used  in  mis 
report. 


1.  Determine  the  nuclear  environment  (blast  data, 
weapon  size,  etc.),  design  population,  and  type  of  structural 
configurations  to  be  considered  in  the  study. 

2.  Establish  site  conditions  and  perform  site  evalua¬ 
tion  for  ground  shock. 

3.  Determine  both  free -field  and  design  shock  spec¬ 
tra,  in  addition  to  evaluating  the  relative  displacements 
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between  the  structures  and  their  interior  components. 

4.  The  next  steps  are  the  determination  of  the  shock 
tolerances  for  both  the  personnel  and  equipment,  and  the  es¬ 
tablishment  of  the  type  of  shock  isolation  method  to  be  used. 

5.  Determine  the  size,  shape,  and  method  of  opera¬ 
tion  of  the  isolation  system  for  the  specified  population  and 
shock  environment.  Also,  design  the  structural  system. 

fc.  Determine  the  specific  configuration"  of  the  shell  of 
the  structure  based  on  the  results  of  step  5  and  on  the  nuclear 
environment  of  step  1. 

Steps  5  and  6  may  require  reevaluation  to  produce  a 
more  compatible  design  of  both  the  isolation  system  and  shell. 

7.  Determine  the  cost  of  those  portions  of  the  structure 
which  either  affect,  or  are  affected  by,  the  shock  isolation 
method. 


7-3  Blast  Load  Data 

The  inclusion  of  nuclear  and  thermal  radiation  protec¬ 
tion  in  a  design  will  generally  be  confined  to  providing  small 
modifications  in  the  basic  shelter  designed  for  air-blast  and 
shock  protection.  These  modifications  generally  will  be  lim¬ 
ited  to  those  portions  of  the  structure  where  modifications  will 
not  significantly  affect  the  type  of  the  shock  isolation  or  the 
additional  cost  for  providing  it.  i.  e.  ,  entranceways,  air  'n- 
take  and  exhaust,  earth  cover,  etc.  Therefore,  in  this  study 
radiat’on  has  been  neglected. 

On  the  other  hand,  blast  overpressures  and  ground  shock 
will  be  quite  significant  in  selecting  the  shelter  configuration, 
especially  in  the  larger  pressure  levels  (50  to  75  p.  s.  i.  and 
higher)  where  flat  roof  construction  becomes  less  economical. 
The  overpressure  will  usually  govern  the  selection  of  the  type 
of  structure  and  foundation  whereas  the  ground  shock  will  in¬ 
fluence  the  interior  arrangement  of  the  shelter.  In  most  cases, 
it  is  necessary  to  effect  a  compromise  in  the  selection  of  the 
best  structural  arrangement  for  overpressure  and  ground  shock 
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so  as  to  produce  the  most  efficient  overall  system. 

The  structures  studied  in  this  section  are  designed  to 
resist  the  effects  (exclusive  of  radiation)  of  a  nuclear  weapon, 
with  a  yield  of  20  MT,  detonated  near  the  earth's  surface; 
these  structures  are  assumed  to  be  located  at  a  distance  from 
ground  zero  that  would  produce  surface  overpressures  of  25, 
100,  or  300  p.  s.i.  and  will  remain  operable  after  being  sub¬ 
jected  to  such  effects.  Basic  data  for  the  proposed  blast 
wave  characteristics  for  the  prescribed  weapon  yieid  and  pres¬ 
sure  levels  are  summarized  in  Table  7-1.  The  idealized 
pressure-time  variations  for  all  three  pressure  levels  are 
shown  in  Figure  7-1. 


Tabic  7-1  Blast  Characteristics 

Surface  Burst  (20  MT) 

(Ref.  7.  1) 

Overpressure  (Pso),  p.  s.  i. 

25 

100 

300 

Di>'‘-nee  from  Ground  Zero  (r ),  yds. 

5,700 

3,  100 

2,060 

Arri/al  Time  <t^),  sec. 

Duration  of  Positive  Phase  (Dp),  sec. 

5.  0 

1.4 

0,  5 

3.  4 

2.  3 

2.  6 

Peak  Dynamic  Pressure  (P^0),  P-  a>  L 

12 

115 

470 

Positive  Impulse  (Ip),  p.  s.  i  -sec. 

24 

48 

85 

Shock  Front  Velocity  (U),  f.  p.  s. 

1,710 

2,800 

4,800 

Fireball  Radius  (R),  ft. 

-- 

4,000 

-- 

7-4  Soil  Conditions 


For  the  designs,  it  was  assumed  that  the  soil  pro 1  e 
comprieed  a  1 0 -ft.  -thick  surface  layer,  a  90-ft.  -thick  inter¬ 
mediate  layer,  and  an  underlying  layer  extending  to  a  great 
depth.  The  aseumed  seismic  velocity  for  each  layer  is  as 

follows.  Table  7-2  Aeeumed  Seismic  Profile 

Depth  Below  Ground  Seismic  Vel- 
Soil  Layer  Surface  (feet)  ocity  (ft.  / sec. ) 


Surface  Layer 
Intermediate  Layer 
Underlying  Strata 


0-10 
10-100 
Below  100 


1,200 
2,500 
6,  000  avg, 
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The  seismic  velocity  for  each  layer  is  in  the  order  of 
magnitude  generally  encountered  at  typical  soil  sites.  Al¬ 
though  this  seismic  profile  represents  a  typical  soil  site,  the 
profile  could  vary  (with  respect  to  both  seismic  velocity  and 
layer  thickness)  for  other  sites.  Somewhat  lower  or  higher 
values  of  the  seismic  velocity  at  each  layer  as  well  as  an  in¬ 
creased  or  decreased  thickness  of  the  surface  and/or  the  inter¬ 
mediate  layer  and  even  a  site  of  additional  distinct  layers 
could  also  be  considered  typical.  Thus,  the  above  profile 
could  more  appropriately  be  designated  as  a  sample  of  a  typi¬ 
cal  site. 


» 


7-5  Shock  Spectra 

7-5.  1  Free -Field  Ground-Shock  Spectra 


The  free-field  ground-shock  spectra  as  computed  in  ac¬ 
cordance  with  the  procedures  of  Section  2-3,  for  a  20-MT  sur¬ 
face  burst  for  the  surface  and  10-,  20- and  30-ft.  depths  below 
the  ground  surface  are  plotted  in  Figures  7-2  to  7-7  as  follows: 


Figure  7  2 
Figure  7-3 
Figure  7-4 
Figure  f-5 
Figure  7-6 
Figure  7-7 


Vertical  Spectra 
Horiaontal  Spectra 
Vertical  Spectra 
Horiaontal  Spectra 
Vertical  Spectra 
Horiaontal  Spectra 


25  p.  a.  i. 
25  p.  a.  i. 
100  p.  a.  i. 
100  p.  a.  i. 
300  p.  a.  i. 
300  p.  s.  i. 


The  peak  ground  motions  are  for  the  air -induced  effect 
since  the  direct-transmitted  ground-shock  effect  results  ir 
smaller  values  for  the  type  of  site  and  pressure  levels  con¬ 
sidered.  For  computing  the  elastic  displacement  component, 
an  effective  average  seismic  velocity  (5.000  f.  p.  s. )  was  used 
which  is  assumed  to  be  tt-<uu'>alent  to  the  actual  layered  site. 
The  peak  horiaontal  displacements,  velocities,  and  accelera¬ 
tions  are  equal  to  1/3,  2/3,  1  times  the  vertical  values,  re¬ 
spectively.  The  peak  vertical -displacement  spectra  values  are 
equal  to  the  peak  vertical  ground  displacements.  The  peak 
vertical -velocity  spectra  values  are  equal  to  1.5  times  the 
peak  vertical  ground  velocities.  The  peak  vertical -accelera¬ 
tion  spectra  values  are  equal  to  the  peak  vertical  ground  ac¬ 
celerations.  The  boundary  spectra  values  for  both  the  vertical 
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and  horizontal  displacements,  velocities,  and  accelerations 
are  listed  in  Table  7-3  (p.  7-13). 


The  spectra  of  Figures  7-2  to  7-7  could  be  considered 
to  represent  a  band  cl  spectrum  values  for  the  pressure  range 
being  considered,  e.  g. ,  better  sites  of  300  p.  s.  i.  or  poorer 
sites  of  100  p.  s.  i.  would  lie  somewhere  between  the  100-  and 
300-p.  s.i.  spectra.  In  fact,  these  spectra  may  also  repre¬ 
sent  other  pressure  levels,  e.  g. ,  a  typical  site  of  somewhat 
higher  seismic  velocities  at  150  p.  s.  i.  could  result  In  the 
100-p.  s.i.  spectra.  To  illustrate  the  above  discussion  it 
mav  be  interesting  at  this  point  to  Indicate  the  variation  that 
may  be  expected  in  the  soil  displacements  depending  upon  the 
site  conditions  and  pressure  levels. 


Table  7-4  Site  Variations 


Type  of  Soil 


Seismic  Velocity  » 
(ft.  /sec. ) 


Displacement 

(in.) 


Poor 

2,500 

6 

12 

23 

Typical 

5.000 

3 

7 

14 

Rock 

10,000 

1.6 

2.7 

4.2 

*  Effective  Average  Seismic  Velocity 


7-5.2  Design  Shock  Spectra 

To  determine  the  response  of  intermediate  floor  slabs 
and  bearing  walls,  which  are  integral  with  the  concrete  shell, 
and  of  internal  shock  systems  attached  to  the  shell,  the  fr-#» 
field  ground  motions  at  thei0-ll.  and  30 -ft.  depths  have  beet, 
assumed  to  be  equal  to  the  motions  of  the  shallow  (one  and 
two  etortes)  and  tailor  buildings  respectively.  Although  Chap¬ 
ter  U  recommends  that  approximately  the  mid-height  of  the 
shallow  structures  bs  used  to  determine  the  motions  of 
structures,  it  was  fait  that  the  10-ft.  depth  would  be  a  more 
realistic  estimate  of  the  actual  motions  because  of  occurrence 
of  the  layer  change  at  the  10-ft.  depth  in  the  assumed  soil 
profUt  of  section  7-4.  Above  the  layer  change  he  free -field 
velocities  and  accelerations  would  bs  somewhat  higher  then 
those  immediately  below  and,  therefore,  the  use  of  the  mid- 
height  motions  would  not  properly  account  for  the  effects  of 
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the  surface  layer  on  the  stru  -tores,  The  froe-field  motions 
at  the  30-ft.  depth  were  selected  to  represent  the  motions  of 
the  taller  building  based  on  the  recommendation  of  Chapter  11. 
For  shallow-type  structures,  Figures  7-8  and  7-9  are  plots 
of  the  vertical  and  horisontal  design  spectra,  respactively. 

The  design  spectra  for  the  taller  buildings  are  not  shown  be¬ 
cause  of  this  secondary  importance  of  the  structures  in  this 
report,  although  their  values  may  be  obtained  from  the  free- 
field  spectra  if  desired. 

When  determining  the  motions  of  personnel,  equipment 
and  other  items  attached  directly  (no  shock  isolation  system) 
to  the  structure  shell,  the  free -field  ground  motions  at  the 
forementioned  depths  are  used.  A  tabulation  of  the  oeak  values 
of  these  motions  is  given  in  T-tble  7-5. 

For  determining  the  separat.un  between  items  (not 
attached  directly  or  Indirectly  to  the  Interior  of  the  structure) 
and  the  structures,  the  variation  of  the  downward  motions  of 
ths  structures  and  the  free-fall  displacement  of  the  unattached 
Items  with  time  for  the  29-,  I00-,  end  100 -p,  a,  i,  overpres¬ 
sure  levels  are  given  in  figures  1-1,  1-2,  end  3-1,  respec¬ 
tively.  The  variation  of  the  horisontal  motions  of  the  struc¬ 
tures  with  time  is  plotted  in  figure  1-4.  Both  the  vertical - 
and  horisontal  -motions -versus -lime  relationships  have  been 
computed  using  ths  design  shock  spectra  previously  men¬ 
tioned  and  the  procedures  outlined  in  Section  1-2. 


7-4  Space  Allowance 

xmasesMoaiMMen 

The  sis*  of  each  structure  was  based  upon  a  mini  mu  4 
floor  area  of  id  *q  ft.  per  person  (not  including  utilities, 
toilets,  storage  areas,  and  partitions)  for  the  total  specified 
population.  In  the  personnel  areas,  die  headroom  was  main¬ 
tained  at  a  minimum  height  uf  C‘  >9'*  except  »tt  these  areas  ' 
Immediately  adjacent  to  the  aides  of  cylindrical  structures  ' 
(horisontal  cylinders  and  arches);  in  rich  areas  (h«  height 
is  «qe*«  to  6* -9**  pies  tint  vettical  displacement  of  the  see-  ' 
pension  system  or  the  separation  of  item*  not  ntlached  to  the  ' 
floor.  In  general,  the  limited  headroom  (below  I  ft. )  extends 
only  ever  approximately  9  percent  of  the  floor  area.  In  ^ 

some  of  the  design  structures,  a  headroom  slightly  less  than 


Fig.  7-8  VERTICAL  DESIGN  SPECTRA  -  25,  190  It  500  p«i 
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rig.  7-9  HORIZONTAL  DESIGN  SPECTRA  •  2»,  100  k  900  pai 
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8  ft.  was  used  in  the  mechanical  areas. 


A  specific  space  allocation  will  depend  upon  the  as¬ 
sumed  position  (sleeping,  sitting,  or  standing)  of  the  occu¬ 
pants  within  the  structure  and  also  upon  the  anticipated  length 
of  stay  as  well  as  the  amount  of  movement  allowed.  The  fol¬ 
lowing  are  some  recommended  minimum  space  allowances 
(Ref.  7.  2)  which  will  provide  a  reasonable  degree  of  comfort. 

Sleeping  (Tier  Bunks) 

Area  -  13  sq.  ft.  /bunk 

Vertical  Distance  between  Tiers  -  2'-0"  plus 
relative  motion  * 

Main-Aisle  Width  -  4  ft. 

Secondary-Aisle  Width  -  2  ft. 

Sitting  (Short-Duration  Stay) 

Area  -  7.  0  sq.  ft.  /person 

Vertical  Clearance  -  4.  5  ft.  plus  relative  motion  * 
Main-Aisle  Width  -  4  ft. 

Secondary-Aisle  Width  -  2  ft. 

Sitting  (Long -Duration  Stay) 

Area  -  8  to  11  tq.  ft.  /person 

Vertical  Clearance  -  4.  5  ft.  plus  relative  motion  ♦' 

Main-Aisle  Width  -  6  ft. 

Secondary-Aisle  Width  -  3  to  4.  5  ft. 

Standing  (No  Circulation) 

Area  -  2  sq.  ft.  /person 
Vertical  Clearance  -  8  ft. 

Standing  (Circulation) 

Area  -  10  sq.  ft.  /person 
Vertical  Clearance  •  8  ft.  ** 


*  Relative  motion  applies  to  movement  of  suspension  sys¬ 
tem  and/or  relative  displacement  between  unattached 
items  and  the  structure  proper. 

**  6.  0  ft.  is  acceptable  over  a  limited  area. 
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7-7  Design  Loads,  Applicable  Codes, 
and  Allowable  Stresses 

7-7.  1  Design  Loads 

This  section  lists  the  applicable  loads  used  for  the  pre¬ 
liminary  designs  described  in  this  report.  Static  and  dynamic 
loads  are  presented  for  the  exterior  shell  as  well  as  for  the 
interior  portions  of  the  structures.  Both  the  method  of  ap¬ 
plication  and  the  amplitude  of  each  load  are  listed. 

Exterior  Shell 
Amplitude 

Earth  Load  (varies  with  type  of  structure)  - 
2  to  7  p.  s.  i. 

Dead  Load  (varies  with  type  of  structure)  - 
1  to  2  p.  s.  i. 

Blast  Load  (dynamic  response  of  one)  -  25, 

100  tc  300  p.  s.  i. 

Application 

Circular  Structures  -  Radially 
Rectangular  Structures  -  Normal 

Interior  of  Structure 
Amplitude 

Static  Loads 

Dead  Load  -  As  given 
Mechanical  Area  *  100  p.  s.  f. 

Personnel  Area  It  Toilets  -  40  p.  s.  f. 
Dynamic  Loads  - 

Doad  Load  -  As  given 
Mechanical  Area  •  100  p.  s.  f. 

Personnel  Area  It  Toilets  -  175  lbs. /pers. 
Application 

Static  Loads  -  1  g. 

Dynamic  Loads  •  Dynamic  Response 


7-7.2  Applicable  Code 

The  structural  design  of  Uu  illustrated  structures  con¬ 
forms  to  the  current  ACI  Building  Code,  including  the  appen¬ 
dix  on  ultimate  strength  design. 


7-7.  3  Allowable  Stresses 


The  following  is  a  list  of  the  allowable  stresses  used  in 
this  design  study: 

Allowable  Stresses  for  Static  Loads 

Concrete  Compression  (fy,  Axial  or  Flexural  - 
3000  p.  s.  i. 

Pure  Shear  -  0.  15  f; 

Bond  -  0.  15  f^ 

Diagonal  Tension  •  AC1  Code 
Reinforcement  (ASTM  A432)  -  60,000  p.  a.  1. 

Soil  Bearing  Stress  -  4  t.  s.  f. 

Allowable  Stresses  for  Blast  Loads 

Concrete  Compression  (fy,  Axial  or  Flexural  - 
1.  25  fg 

Pure  Shear  -  0.  18  fg 
Bond  •  0. 18  f^ 

Diagonal  Tension  •  ACI  Code 
Reinforcement  (ASTM  A432)  -  78, 000  p.  s.  i. 

Soil  Bearing  Streas  (Dynamic  Response  of  2)  - 
8  t.  s.  f. 

Allowable  Stresses  for  Ground  Shock 

Structural  Steel  (ASTM  A36)  -  36. 000  p.  s.  1. 
Spring  Steel  (Ref.  7.  3)  -  80, 000  p.  s.  t. 


7-8  Description  of  Design  Concepts 

Of  the  thirty-five  schemes  included  in  this  study,  nUe 
structures  were  designed  for  the  25-p.  s.  i.  overpressure 
range  while  sixteen  and  ten  structures  were  designed  for  the 
100-  and  300-p.  s.  i.  pressure  levels,  respectively.  The 
schemes  for  the  25-p.  s.  1.  overpressure  range  were  limited 
to  rectangular -type  buildings  whereas  for  the  higher  pressure  • 

levels  several  different  structural  arraagsmeots  were  inves-  , 

tigated  for  feasibility  of  construction.  The  latter  included 
horlaontal  and  vertical  cylinders  as  well  as  arches.  Person¬ 
nel  protection  levels  1,  2,  and  3  (Chapter  1U)  were  considered  • 

for  all  three  overpressure  levels,  and  for  the  equipment  toler¬ 
ances  categories  1  and  2  (Chapter  IV)  were  used.  For  personnel 
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protection  No.  1.  suspension  systems,  consisting  of  one, 
two,  or  more  platforms  were  studied  for  the  structures  at  the 
100  and  300  p.  s.  i.  pressure  levels.  In  the  case  of  the  rec¬ 
tangular  structures,  only  single -story  systems  were  used. 

All  three  population  sizes  (10,  100,  250)  were  included  in  the 
studies  of  the  25-p.  s.  i.  structures  while  the  buildings  for  the 
higher  pressure  levels  were  designed  for  100  and  250  persons 
only.  These  combinations  of  the  pressure  levels,  population 
size,  protection  level,  and  suspension  systems,  along  with  an 
outline  description  of  the  structures,  are  presented  in  Table 
7-6.  The  designation  of  the  structures  listed  in  Table  7-6  is 
described  by  the  following  example.  The  structure  designation 
!1C(T)  300-250-1,  identifies  the  horizontal  cylinder  with  a 
two-story  interior  suspension  system  located  at  the  300-p.  s.  i. 
overpressure  range,  having  a  capacity  of  250  people  and  a 
personnel  protection  level  of  one.  In  the  following  discussion, 
the  number  of  levels  refers  to  the  total  number  of  stories  in¬ 
tegral  with,  or  suspended  within,  the  shell  of  the  structure. 


In  the  following  discussion,  those  structures  which  were 
found  to  have  the  most  favorable  structural  and/or  economical 
arrangement  are  described  in  more  detail.  These  structures, 
referred  to  as  basic  concepts,  are  as  follows: 

Overpressure  Configuration 


25  p.  s.  i, 
100  p.  s.  i. 
300  p.  s.i. 


Rectangular 
Horisontal  Cylinder 
Horizontal  Cylinder 


7-8.  1 


Basic 


Concepts  for 


25-p.  s.  1. 


Pressure  Range 


i.  Structure  REtS)  25-250-1 

This  scheme,  as  shown  in  Figure  *-10,  lea  single- 
story  reinforced -corcrete  rectangular  structure  designed  for 
250  persons.  The  overall  plan  dimensions  of  the  building  are 
59  ft.  -8  in.  by  59  ft.  -8  in.  while  Its  interior  clear  height  is 
10  ft.  -3  in.  The  roof  slab  is  a  flat  piate  1  ft.  -9  in.  thick, 
supported  along  its  periphery  by  a  10-inch-thick  exterior  wall 
and  at  the  center  by  a  reinforced  concrete  column.  The  walls 
are  supported  on  a  continuous  foundation  the  thickness  of 
which  is  the  same  as  that  of  the  roof  slab. 
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The  interior  of  the  building  consists  of  a  single-story 
shock-isolated  steel  structure  or  platform  which  is  supported 
by  twenty  helical  compression  springs  mounted  on  the  con¬ 
tinuous  floor  slab.  The  overall  distance  between  the  top  of 
the  suspended  platform  and  the  floor  slab  is  1  ft.  -3  in.  This 
will  allow  for  a  vertical  downward  motion  (from  its  at-rest 
position)  of  the  platform  of  approximately  6  inches.  The  hor- 
isontal  clearance  between  the  platform  and  the  shell  of  the 
structure  is  6  inches.  The  clear  distance  between  the  top  of 
the  platform  and  the  ceiling  of  the  building  is  9  ft.  >0  in.  This 
provides  for  a  headroom  of  eight  feet  in  addition  to  a  one-foot- 
high  overhead  space  for  conduits  and  ducts.  The  platform  has 
a  uaable  area  of  approximately  3400  sq.  ft.  and  is  divided 
into  three  main  sections:  (a)  personnel  area,  (b)  mechanical 
area,  and  (c)  toilets.  Both  the  mechanical  and  toilet  areas, 
which  are  located  on  the  same  side  of  the  structure,  are  sep¬ 
arated  from  the  personnel  area  by  metal  partitions.  The 
personnel  area,  which  comprises  the  major  portion  of  the 
platform,  is  protected  along  its  periphery  by  a  metal  railing, 

3  ft.  -6  in.  high.  Access  between  the  main  structure  (en¬ 
tranceway,  exhaust  and  intake  shaft)  and  the  platform  is  by 
means  of  removable  metal  plates.  All  partitions,  railing, 
etc. ,  are  of  standard  design. 

b.  Structures  RE-  -230-2  and  RE-2S-2S0-3 

These  schemes,  shown  in  Figure  7-11,  have  the  same 
overall  roof  area  and  thickness  as  those  of  structuie  RE-25- 
230-1,  and  were  designed  for  the  same  population.  The  10- 
inch-thick  exterior  walls,  which  have  a  dear  height  of  9 
ft.  -0  in. ,  support  the  roof  along  its  periphery  while  a  rein 
forced  concrete  column  supports  its  center.  The  walls  are 
supported  on  indivioual  footings  except  in  the  area  of  the 
mechanical  equipment  where  a  combined  foundation  is  used. 
Outside  this  latter  area  the  floor  slab  is  of  the  floating  type. 

The  column  is  supported  on  its  own  foundation. 

From  an  architectural  standpoint,  each  building  is 
separated  into  three  sections,  t.  e. .  the  personnel  area,  the 
mechanical  area,  and  the  toilets.  The  mechanical  area 
and  toilets  are  located  on  the  same  side  of  the  structure  ad¬ 
jacent  to  one  another.  Their  combined  floor  area  is  equal  to 
approximately  20  percent  of  that  of  the  building.  These  areas 
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are  separated  from  the  main  shelter  area  by  a  reinforced 
concrete  wall. 

Both  the  personnel  area  and  the  toilets  are  located  on 
the  concrete  floor  slab  of  the  structure,  while  the  mechanical 
equipment  is  mounted  on  a  shock  isolated  platform.  The  plat¬ 
form  is  supported  on  ten  helical  compression  springs  which 
in  turn  are  mounted  on  the  monolithic  section  of  the  founda¬ 
tion.  The  top  of  the  platform  is  located  1  ft.  -3  in.  above 
the  base  slab  and  7  ft.  -9  in.  below  the  roof.  The  clearance 
between  the  foundation  and  the  base  of  the  platform  provides 
room  for  a  vertical  movement  (  of  the  platform)  of  approxi¬ 
mately  six  inches.  A  six-inch  rattle  space  is  provided 
around  the  mechanical  equipment  support  system.  Movement 
between  the  mechanical  area  and  the  remainder  of  the  building 
is  across  a  removable  steel  plats. 

Structures  RE-25-250-2  and  RE-25-250-3  were  de¬ 
signed  for  personnel  levels  2  and  3,  respectively.  In  struc¬ 
ture  RE-25-250-2,  the  floors,  exterior  walls,  and  corners 
of  interior  concrete  partitions  in  the  personnel  area  and  the 
toilets  are  padded  with  one-inch-thick  energy -absorbing  ma¬ 
terial,  while  in  structure  RE-25-250-3  only  the  exterior 
walls  and  the  corners  of  the  interior  walls  are  padded.  In 
both  structures,  ths  corners  are  chamfered  in  order  to  pro¬ 
vide  the  required  two-inch  radius  of  the  cushioning  so  as  to 
produce  the  required  protection  (See  Chapter  VI).  No  cush¬ 
ioning  iu  provided  in  the  r  techanieal  area  because  of  the  pre¬ 
sence  of  the  suspension  system. 

e.  Structure  RE(S) -25 -100-1 

This  structure,  shown  in  Figure  7-10,  is  designed 
for  a  population  of  100  persons  and  is  structurally  similar 
to  that  described  In  Section  7-8.  la  with  the  exception  that 
its  overall  plan  dimensions  are  reduced  to  41  ft.  -8  in.  by 
41  ft.  -6  in.  This  reduction  of  the  sise  of  the  building  de¬ 
creases  the  usable  floor  area  of  the  structure  and  of  tits  steel 
platform  to  1800  and  1520  sq.  ft.,  respectively.  Twelve 
helical  compression  springs  are  required  to  support  the 
suspension  system  as  compared  to  the  twenty  springs  of 
structure  RE(S)-25-250-l. 
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Structures  RE-25-100-2  and  RE-25-100-3 


These  structures,  as  shown  in  Figure  7-11,  are  sim¬ 
ilar  to  the  structures  of  Section  7-8.  lb  except  that  the  overall 
plan  dimensions  are  reduced  to  that  of  Structure  RE-25-100-1. 
In  these  structures,  six  compression  springs  are  used  to  sup¬ 
port  the  equipment  platform  in  the  mechanical  area. 

e.  Structure  RE(S)-25-10-l 


This  scheme  is  a  rectangular  reinforced-concrete  shel¬ 
ter  as  shown  in  Figure  7-10.  The  structure  wan  <  « signed  for 
a  population  of  10  persons  and,  therefore,  has  overall  dim¬ 
ensions  of  16  ft.  -8  in.  by  12  ft.  -8  in.  As  in  the  case  of  the 
other  rectangular  structures  for  personnel  protection  one, 
an  interior  shock-isolating  steel  structure  is  supported  on  the 
four  helical  springs  which  in  turn  are  supported  on  the  con¬ 
tinuous  concrete  foundation  of  the  shell.  The  overall  head¬ 
room  and  the  rattle  spaces  around  and  beneath  the  platform 
were  maintained  identical  to  those  of  the  other  rectangular 
structures  with  the  larger  populations.  The  architectural  ar¬ 
rangement  of  the  platform  is  similar  to  that  of  the  larger  struc¬ 
tures  with  the  exception  that  the  floor  areas  of  the  individual 
rooms  are  proportionally  reduced. 

f.  Structures  RE-25-10-2  and  RE -25-10-3 

The  floor  plan  of  these  structures  (Figure  7-11)  is  of 
the  same  sise  as  that  of  structure  RE-25- 10-1,  and  the  verti¬ 
cal  dimensions  are  the  same  as  those  of  the  structures  of  Sec¬ 
tions  7-t*.  lb  and  7-8,  Id.  Structures  RE-25-10-2  and  RL-25 
10-3  are  designed  to  provide  personnel  protection  level  two 
and  three,  respectively.  The  cushioning  in  these  buildings 
is  the  same  as  that  described  in  Section  7-8.  lb, 

7-8.  2  Basic  Concepts  for  iOO-  and  300-p.  1.  Pressure  Ranges 

a.  Structures  HC(T1-100-250-1  and  HCtT)-300-250-i 

These  schemes,  as  shown  iu  Figure  7-12,  are  single- 
level ,  horlaontal  cylindrical  concrete  structures  with  a  two- 
story  interior  shock -isolation  system  in  each. 
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The  interior  diameter  of  the  cylinder  is  25  ft.  -0  in. 
and  its  length  is  99  ft.  -0  in.  The  ends  of  the  cylinder  are 
sealed  by  two  hemispherical  domes  which  have  an  interior 
radius  of  12  ft.  -6  in.  The  thickness  of  the  walls  of  both  the 
cylinder  and  the  spheres  of  the  100-p.  s.  i.  shelter  is  0  ft.  >8  in. 
while  the  shell  thicknesses  of  the  cylinder  and  spheres  at  their 
springing  lines  in  the  300-p.  s.  i.  buildingare  l  ft.  -o  in.  The 
thickness  of  the  crowns  of  the  latter  spheres  is  1  ft.  -0  in. 

The  interior  shock-isolation  system  is  a  steel  struc¬ 
ture  which  is  attached  to  the  shell  of  the  concrete  portion  of 
the  building  by  eight  helical  compression  springs  forming  a 
pendulum-like  arrangement.  The  clear  distance  between  the 
shell  and  the  suspension  system  is  governed  by  the  required 
minimum  headroom  near  the  edge  of  the  upper  platform  and  is 
1  ft.  -9  in.  in  both  structures.  The  upper  story  of  the  inter¬ 
ior  structure  of  each  building  has  a  usable  floor  area  (for  per¬ 
sonnel  and/or  equipment)  of  approximately  2, 200  sq.  ft.  , 
while  the  usable  floor  area  of  the  lower  level  is  approximately 
1 , 200  sq.  ft.  The  overall  distance  between  the  two  floor 
levels  is  9  feet.  Means  of  access  between  the  upper  and 
lower  stones  is  by  stairs  located  near  the  center  of  the  struc¬ 
ture.  The  main  shelter  area  foi  personnel  is  situated  on  the 
top  level  while  a  smaller  personnel  area  is  located  at  the  bot¬ 
tom  of  the  stairs  on  the  lower  floor.  This  latter  area  sepa¬ 
rates  the  mechanical  area  and  the  toilets  located  at  each  end 
of  the  lower  floor.  The  periphery  of  the  open  area  of  both 
levels  of  the  interior  structure  is  provided  with  a  i  ft.  -6  In.  • 
high  metal  partition  for  personnel  protection.  The  partition 
is  also  used  around  the  stairs  at  the  upper  level  The  lower 
portion  of  the  stairs  and  those  areas  (mechanic*!,  storaq*, 
and  toilets)  separated  from  the  personnel  areas  are  enclosed 
with  light  mvtal  partitions.  Access  between  the  main  struc¬ 
ture  and  the  support  Is  by  means  of  removabla  metal  plates. 

A11  partition* .  railings,  etc  ,  are  of  standard  design  but  are 
reinforced  to  resist  impact  forces  resui  ,»g  from  the  move¬ 
ment  of  objects  (personnel,  furniture,  etc. )  within  the  struc¬ 
ture. 


Structure  HCfSl-IOO-iSO-l  and  HC(8)-M0-2>0-l 

These  schemes,  as  shown  in  Figure  7-11,  are  rein¬ 
fo  reed -concrete  one -level  horisonui  cylinders,  with  interior 
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radii  of  9  ft.  -0  in.  The  structures  are  sealed  at  their  ends 
by  hemispherical  domes  which  have  the  same  interior  radius 
as  the  cylinders.  The  length  of  the  cylindrical  portion  of  the 
100-p.  s.  i.  structure  is  238  ft.  -0  in.  For  the  300-p.  s.  i. 
building  its  length  is  256  ft.  -0  in.  Both  the  domes  and  cylin¬ 
der  of  the  100 -p.  s.  i.  structure  have  a  shell  thickness  of  0  ft.  - 
6  in. ,  while  those  of  the  300-p.  s.  i.  building  are  1  ft.  -0  in. 
thick. 

The  interior  of  both  buildings  consists  of  a  suspei»**ri 
platform  forming  the  floor  slab  for  the  mechanical  area,  per¬ 
sonnel  area,  and  toilets.  The  platform  is  15  ft.  -0  in.  and 
14  ft.  -0  in.  wide  in  the  100-  and  300-p.  s.  i.  structures,  re¬ 
spectively,  and  is  suspended  from  the  upper  portion  of  the  ex¬ 
terior  shell  by  a  pendulum  arrangement  consisting  ot  sixteen 
helical  compression  springs.  The  minimum  clear  distances 
between  the  shell  and  the  platform  in  the  100-  and  300-p.  s.  i. 
structures  are  1  ft.  -0  in.  and  1  ft.  -9  in. ,  respectively.  The 
mechanical  area  and  toilets  are  located  at  opposite  ends  of  the 
platform  with  the  personnel  area  situated  in  the  middle.  The 
approximate  usable  floor  area  of  the  platform  is  3, 400  sq.  ft. 
Uks  the  two-story  suspension  systems,  the  periphery  of  the 
personnel  area  is  bordered  by  a  3  -  ft.  >6  in.  -high  metal  par¬ 
tition  railing  while  the  mechanical  ares  and  toilets  are  enclosed 
with  8 -ft.  -high  metal  partitions  and  roof  panels. 

e.  Structures  HC-100-2S0-2,  HC-I00-2S0-3  and 

These  schemes  (Figure  7-14)  are  single-level  rein¬ 
forced -concrete  horitonral  cylinders  with  an  interior  radius 
of  9  ft.  -0  in.  The  ends  of  the  cylindrical  portions  of  the 
shelters  are  sealed  with  hemispherical  sections,  the  interior 
radii  of  which  are  the  same  as  that  of  the  cylinder.  The  shell 
thickness  of  both  the  cylinder  and  ths  spheres  Is  0  ft.  -4  In. 
for  the  100-p.  e.  L  structure  and  1  ft.  -0  in.  ~>r  the  300-p,  s.  1. 
building,  while  the  length  of  the  cylinders  ie  103  ft.  -0  In.  in 
all  die  shelters. 

From  an  architectural  viewpoint,  th#  buildings  art 
separated  into  three  sections,  4.  e. ,  the  personnel  area,  the 
mechanical  ares,  and  ths  toilets.  The  mechanical  area  and 
toilets  are  located  at  opposite  ends  of  the  shelters  and  are 
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separated  by  the  area  used  for  the  personnel.  Reinforced 
concrete  walls  are  used  to  separate  the  personnel  area  from 
other  two  sections  of  the  structure.  Both  the  personnel 
area  and  the  toilets  are  located  on  the  concrete  fluor  slab 
situated  3  ft,  >6  In.  below  the  center  of  the  cylinder.  The 
width  of  this  slab  is  16  ft.  -0  in.  and  is  formed  by  filling 
(monolithically)  the  lower  portion  of  the  cylinder  with  concrete 
to  the  desired  elevation.  The  mechanical  equipment  is  shock 
isolated  on  a  structural  steel  platform.  The  platform  is 
supported  by  helical  compression  springs  (four  and  eight 
springe  in  the  100-  and  300 -p.  s.  i.  structures)  which,  in  turn, 
are  supported  on  the  floor  of  the  cylinder.  Also  provided  in 
the  300 -p.  s.  i.  structures  are  eight  beam  springs  for  lateral 
stability  of  the  platform.  The  cylinder  floor  in  the  mecheni* 
cal  area  (all  structures)  is  3  ft  *3  in.  below  that  of  the  per* 
sonnet  area.  All  movement  between  the  platform  and  the 
other  areas  is  across  removable  metal  plates. 

Structures  HC-I00*2S0*2  and  HC-300-250-2.  which  are 
designed  for  personnel  protection  level  l,  have  all  their 
walls  (interior  and  exterior)  and  their  floor  slabs  in  the  per* 
sonnel  area  and  toilets  padded  with  one*inch*thith  energy* 
absorbing  material  while  only  the  exterior  walls  sad  the  cor¬ 
ners  of  the  interior  walls  are  padded  in  those  structures  de¬ 
signed  for  personnel  protection  level  ).  1a  all  the  structures, 
the  corners  are  chamfersd  in  order  to  provide  the  required 
two-inch  radius  of  the  cushioning  to  produce  the  required 
protection.  No  cushioning  is  provided  in  the  mechanical 
areas  of  the  buildings.  An  alternate  method  of  providing  pro¬ 
tection  for  those  persons  who  are  situated  next  to  the  interior 
walls,  Is  the  use  of  cargo  nets  or  some  other  suitable  imper¬ 
ials.  In  this  esse,  the  purpose  of  the  netting  ie  prims  ri'/  to 
prevent  he  personnel  from  melting  direct  contact  with  tha 
walls  In  addition  to  cushioning  their  faile. 

d.  Structure  HCtTl-IOO-lOO-l  a-u  HClTl-300- 100*1 

These  schemes,  as  shown  in  Figure  7-13,  are  similar 
to  the  stiuctures  of  Section  7*t.  2a.  except  that  the  length  *»» 
the  cylindrical  perUon  of  the  shell  ie  )i  ft.  *0  in.  to  addi¬ 
tion.  a  slight  rearrangement  of  the  architectural  features  of 
the  etmcttttee  has  been  effected.  To  utilise  more  efficiently 
the  available  floor  area  of  the  interior  suspension  system.  h« 
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toilets  were  relocated  to  the  end  section  of  the  upper  story  ad¬ 
jacent  lo  the  air  exhaust,  and  the  lower  story  was  used  prim¬ 
arily  for  the  mechanical  area.  A  small  personnel  area  is 
retained  near  the  bottom  of  the  stairs  on  the  lower  platform. 

e.  Structure  HC(S)-10(Mf>0-l  and  HC(S>300-100-1 

These  buildings,  shown  in  Figure  7- 16.  are  similar  to 
those  of  Section  7-8.  2b  except  that  the  lengths  of  the  100-  and 
300-p.  s.  i.  structures  are  reduced  to  125  ft.  -0  in.  and  133  ft.  • 
0  in. ,  respectively,  to  correspond  with  the  reduced  population. 

The  length  of  the  platform  of  the  suspension  system 
has  been  reduced  to  II?  ft.  -0  in.  (100  p.  s.  i. )  and  125  ft.  - 
0  in.  (300  p.  s.  i. )  and  has  a  usable  area  of  approximately  1800 
sq.  ft.  Eight  helical  compression  springs  are  used  to  sup¬ 
port  the  platform  in  the  100-p.  s.  i.  shelter  while  twelve  springs 
art  utilised  in  the  300-p.  s.  i.  building. 

f.  Structures  HC-100-100-2,  HC-100-100-3  and 
HC-300-100-2,  HC- 100- 100 -3 

These  shelters  (figure  ?-(?)  are  similar  to  those  des¬ 
cribed  in  Section  7-8. 2c  except  that  the  lengths  of  the  struc¬ 
tures  have  been  shortened  to  accommodate  the  reduced  popula¬ 
tion.  The  cylindrical  portions  of  the  structures  nre  *>)  ft.  « 

0  in.  and  the  overall  interior  length  of  each  etructure  is 
ill  ft.  -0  in.  In  these  buildings  the  shock  isolation  platforms 
for  tho  mechanical  equipment  are  supported  by  four  helical 
spring*  in  nil  the  shelters.  The  sponge  in  tern  nre  support¬ 
ed  by  the  concrete  floor.  The  arrangement  of  the  cushion!.  ,* 
for  personnel  is  given  in  Figure  7-17. 

7-8.  )  Other  Concept  Studies 

t.  Arch-Type  Structures 

Figures  7 -  til  to  7-20  an  'Hosts suons  of  reinforced 
concrete  arches  designed  to  withstand  a  blast  overpressure  of 
100  p.s.i.  Structures  AH -100 -250 -I  and  Afl-IOO-IOO-t  are 
designed  to  provids  protection  level  one  for  personnel  while 
structure*  Aft- 100 -2S0 -2,  Aft -100-250 >3.  Alt -.00-100-2  and 
AJt-lOO-IOO-S  provide  personnel  protection  levels  two  end  three. 


Those  structures  designed  for  protection  level  one 
consist  of  a  180-degree  arch  with  an  interior  radiu3  of  14  ft.  - 
6  in.  The  concrete  arch  is  supported  on  a  monolithic  founda¬ 
tion  slab  6  ft.  -0  in.  thick.  Suspended  from  the  interior  sur¬ 
face  of  the  arch  is  a  pendulum-like  structural -steel  isolation 
system  consisting  of  a  structural -steel  platform  supported  by 
helical  compression  springs.  The  platform  houses  the  three 
areas  which  comprise  the  shelter,  namely,  the  personnel 
area,  the  mechanical  area,  and  the  toilets.  The  arch  design 
for  protection  levels  two  and  three  consists  of  a  180-degree 
reinforced  concrete  structure  with  an  interior  radius  of  12  ft.  - 
6  in.  The  personnel  area  and  toilets  are  located  on  a  concrete 
foundation  slab  similar  to  that  described  above  while  the  me¬ 
chanical  equipment  is  shock  isolated  on  a  separate  structural 
steel  platform.  This  platform  is  supported  by  springs  which 
are  suspended  from  the  arch.  The  personnel  area  and  toi¬ 
lets  are  shock  isolated  by  means  of  cushioning. 

b.  Vertical  Cylinders 

Layouts  of  the  vertical  cylinders  are  shown  in  Figure 
7-21.  The  structures  were  designed  for  the  100-  and  300- 
p.  s.  i.  pressure  levels,  populations  of  100  and  250  persons, 
and  a  personnel  protection  level  of  one.  The  250-person 
shelters  for  the  100-  and  300-p.  s.  i.  pressure  levels  are  six 
and  ten  stories,  respectively,  while  the  100-person  structures 
for  the  100-  and  300-p.  s.  i.  pressure  ranges  are  three  and 
five  stories  in  height.  The  distance  between  floor  levels  of 
the  vertical  cylinders  is  nine  feet.  It  should  be  noted  that,  in 
the  designs  of  the  cylinders  at  the  300-p.  e.  i.  pressure,  hem¬ 
ispherical  end  sections  were  used  on  the  upper  and  lowc*  ends 
of  the  cylinders  while  at  the  100 -p.  s.  i.  level,  circular  s*abs 
were  used  to  seal  the  structure.  In  the  latter  case,  a  rein¬ 
forced  concrete  column  was  used  to  support  the  central  por¬ 
tion  of  the  sUbs. 
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7-9  Cost  Estimates 


The  following  section  summarizes  the  quantities  and 
cost  estimates  for  each  of  the  shelters  illustrated.  The  unit 
prices  are  based  upon  national  average  costs  (Reference  7.  4) 
and  are  subject  to  some  local  modifications,  but  the  quantities 
should  remain  essentially  constant. 

The  estimates  were  limited  to  those  structural  items 
of  the  shelters  which  either  affect,  or  are  affected  by,  the 
shock  isolation  system.  Cost  estimates  arc  given  for  the 
earthwork  (not  including  real  estate),  main  structural  shell 
(excluding  entrances,  exits,  air  intakes  and  exhausts),  inter¬ 
ior  structural  partitions  (concrete  and  stcol),  and  the  isolation 
system.  The  structures  were  assumed  to  be  located  in  a  nor¬ 
mal  soil  environment  (not  rock)  with  the  water  table  below  the 
foundation. 

Excavation  criteria  for  the  various  structures  varied 
depending  upon  the  structural  configuration.  The  open-cut 
excavation  for  the  rectangular  shelter  and  the  arches  wa«  cal¬ 
culated  on  the  basis  of  a  one-on-one  slope  extending  upward 
from  a  perimeter  one  foot  outside  the  base  of  the  foundation 
while  the  open-cut  excavation  for  the  horizontal  cylinders  is 
based  on  a  one-on-one  slope  extending  upward  from  a  peri¬ 
meter  one  foot  outside  the  shell  at  the  mid-height  of  the  cylin¬ 
der.  Below  the  mid -height,  the  excavation  has  the  same  shape 
as  the  structure.  For  the  vertical  cylinders,  vertical  shaft 
excavation  was  ussd  throughout  with  the  exception  of  the 
)00-p.  s.  1  shelter  where  formed  excavation  was  utilised  for 
the  lower  hemispherical  end 

7-O.I  Description  of  Tablet  and  Charts 

The  tote!  cost  of  each  of  the  thirty -seven  shelters 
studied  in  addition  to  the  total  cost  for  run -shock -isolated 
sttuctures  (structures  whose  shell  is  capable  of  sustaining 
the  blast  load  and  the  effects  of  ground  motion)  for  the  various 
pressure  levels  and  population  sites  are  given  in  Table  ?-? 
(PP.  $9-bi).  Th»s  isbls  includes  individual  costs  of  the  main 
structures  and  the  shock  isolation  system  as  well  as  th»  cost 
per  square  foot  of  the  enelter  and  the  cost  per  person.  Rela¬ 
tive  costs  for  each  pressure  level  and  population  size  are  also 
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given  for  the  various  personnel  protection  levels.  These  costs 
are  relative  to  the  cost  of  the  non-shock -isolated  structure 
(NSI).  All  of  the  cost  data  of  the  above  table  includes  a  25  per¬ 
cent  increase  of  the  material  cost  to  account  for  the  contrac¬ 
tor's  profit,  overhead,  and  contingencies.  No  allowance  was 
made  for  architect-engineer  fees. 

In  Tables  7-8  to  7-18  (pp.  65-75),  quantity  and 
cost  breakdowns  for  various  structural  components  are  given 
for  the  shelters  investigated.  Also  included  are  the  quantity 
and  cost  breakdowns  for  the  non -shock-isolated  structures  pre¬ 
viously  mentioned. 

A  plot  of  the  relative  costs  versus  the  personnel  pro¬ 
tection  levels  is  given  in  Figure  7-22  (p.  7-76),  fur  basic 
concepts  of  Section  7-9.  The  costs  are  plotted  relative  to  the 
cost  of  the  250-person,  rectangular  (25  p.  s.  i.  overpressure), 
non-shock-isolated  structure.  This  figure  indicates  the  most 
economical  one-and  two-story  buildings  investigated. 

Figure  7-23  (p.  7-77  )  indicates  the  variation  of  cost 
(per  person)  of  structures  versus  overpressure.  The  curves 
are  plotted  for  all  three  protection  levels  in  addition  to  the 
no-shock-isolation  case.  Chart  "a"  gives  tho  cost  variation 
for  the  250-person  shelters,  while  chart  "b"  indicates  the 
cost-versus-protection  level  relationship  for  the  100-person 
structure. 

7-9.2  Discussion  of  Tables  and  Charts 

Except  for  the  two -story  structures  (protec  tion  level 
one),  the  relative  costs  of  the  shelters  investigated  will  in¬ 
crease  with  decreasing  protection  level  (Figure  7-22  and  Table 
7-7),  This  increase  is  primarily  the  result  of  the  additional 
material  required  for  the  lower  protection  level,  i.  e.  .  the 
addition  of  the  cushioning  and  mechanical  t  juipment  suspen¬ 
sion  systems  for  protection  levels  two  and  three  and  the  ad¬ 
dition  of  the  suspension  system  and  the  increase  of  the  shell 
sise  for  protection  level  one.  In  ait  cases,  the  relative  cost 
for  the  two-story  structure(protection  level  one)  is  loss  than 
those  for  protection  levels  two  and  three  (Figure  7-22).  The 
relative  cost  increase,  above  that  for  the  no-shock -isolation 
system,  of  the  two-story  structures  is  equal  to  or  less  than 


five  and  twelve  percent  for  the  structures  at  the  100-  and 
300-p.  s.  i.  pressure  levels,  respectively. 

The  relative  cost  for  a  particular  pressure  level,  struc¬ 
tural  configuration,  and  protection  level  is  greater  for  the 
100-person  shelter  than  that  foi  the  250-peraon  structure; 
while  in  the  case  of  the  25-p,  s.  i.  -rectangular  structure,  the 
relative  cost  for  the  IQ-person  shelter  is  less  thar.  those  for 
the  100-  and  250-pcrsoti  b  utti  ngs.  The  increase  of  the  rel¬ 
ative  cost  of  the  100-person  .shelter  above  that  of  the  250-per¬ 
son  shelter  i»  the  result  of  the  more  predominant  effect  that 
the  cost  of  the  shock  isolation  system,  has  on  the  total  cost 
in  the  former  shelter  in  i  mnparistm  to  that  of  the  latter, 
e.  g.  ,  the  cost  of  the  shock  .solatium  system  of  structure 
RE(S)-25-lQO-l  is  6i  percent  oi  the  cost  of  rm-shock-isoiation 
structure  (23  p.  s.  i.  and  100  person)  while  in  structure 
RE{S)-25-2SQ-i ,  the  cost  of  the  shock  isolation  system  is 
only  49  percent  of  the  cost  of  the  no-shock-isolation  shelter. 

It  is  interesting  to  note  that  the  costs  of  the  isolation 
systems  in  the  structures  studied  can  be  as  high  as  68  percent 
of  the  cost  of  the  shell  (Table  7-19)  (p.  7-  78  ),  The  cost  of 
th«  suspension  systems  for  the  two-story  structures  (protec¬ 
tion  level  one)  will  vary  between  53  and  68  percent  of  the 
cost  of  ths  shell  while  the  variation  for  the  one-story  buildings 
(protection  level  one)  will  be  between  42  end  53  percent  ex¬ 
cept  for  the  arch  structures  where  the  suspension  system  costs 
are  24  and  34  percent  cf  that  of  the  shell  for  tire  250-and  100- 
prrson  shelters,  respectively.  This  reduction  in  the  percent 
•-osi  of  the  arch  suspension  system  is  s  result  of  the  relatively 
high  cott  oi  the  etrurture  shell  due  to  the  presence  of  the  mon¬ 
olithic  foundation  slab.  In  all  cases,  the  percent  cost  -t  the 
•uppoil  systems  for  protection  levels  Iwu  and  three  it  leas 
than  thirty. 

In  riyut*t  7-23,  the  solid  lines  indicate  the  menu  econ¬ 
omical  structures  for  the  various  protection  levels  while  the 
dash  line  i;  dic&tes  the  most  economical  single-story  structures. 
Though  nut  indicated  in  the  table*,  the  cart  per  person  of  a 
two-story  reoteugulAr  structure  wil)  be  approximately  the  same 
as  that  of  a  one -story  shelter  at  the  23-p.  a.  i.  pressure.  There 
fore,  in  *h.-  -tbove  figure,  solid  lines  were  drawn  between  the 
point  indio4»u  4  the  cost  of  the  angle-atoiy  rectangular 


structures  at  the  25-p.  s.  i.  overpressure  range,  and  the 
points  which  indicate  the  cost  of  two-story  horizontal  cylinders 
at  the  100-p.  s.  i.  pressure  level. 
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£  3  211 


Total  Coat  142640 
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Table  7  -8  Structural  Coat  Estimate  -  Rectangular  Structure 
(25  p.  a.  i.  -  250  Persona) 

Personnel  -Protection  Level  (PL) 
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Table 7  - 10  Structural  Coat  Estimate  -  Rectangular  Structure 
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Table  7-14  Structural  Cost  Estimate  -  Arch  Structure 
(100  p- a.  i.  -  100  Persona) 

Personnel  Protection  Level  (PL] 
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7-10  Discussion  of  Design  Concepts 


7-10.  1  Structure  Shell 


The  shell  of  the  structures  was  designed  for  the  blast 
load  applied  to  the  exterior  of  the  shelter  whereas  partitions, 
intermediate  floor  slabs,  and  other  interior  items  were  de¬ 
signed  for  the  structure  response  to  the  ground  motion. 

The  selection  of  the  structural  configurations  for  the 
various  pressure  levels  was  based  upon  the  capacity  of  the 
structure  to  resist  the  blast  loads,  and  the  conventionality  and 
economy  of  construction. 

Except  fot  a  corrugated  arch-type  structure,  the  rec¬ 
tangular  shelter  was  found  to  be  the  most  economical  structural 
arrangement  for  use  at  the  25 -p.  s.  i.  overpressure  range. 

Here,  individual  footings  are  used  for  protection  levels  two  and 
three  while  the  more  costly  monolithic  foundation  slab  is  re¬ 
quired  for  the  first  protection  level.  In  the  design,  the  indiv¬ 
idual  footings  consist  of  a  thickened  concrete  section  under  the 
walls  and  column  which  are  tied  into  a  thinner  slab  section 
spanning  between  the  footings  (Figure  7- 24a).  When  move¬ 
ment  of  the  structure  occurs  due  to  the  ground  shock,  cracks 
are  formed  In  that  portion  of  the  slab  immediately  adjacent  to 
the  footings,  and  differential  movements  are  produced  between 
the  slab  and  the  footings.  For  a  shelter  designed  to  provide 
protection  levels  two  and  three,  this  relative  motion,  when 
occurring  adjacent  to  the  walla  (as  In  ths  case  of  small  foot¬ 
ings),  may  be  tolerable  but  would  be  undesirable  nsar  the  mid- 
spans  of  the  floor.  In  the  latter  esse,  a  footing  >alab  detail 
similar  to  that  shown  m  Figure  7 -24b  would  be  more  app-op- 
riale 

The  use  of  the  monolithic  foundation  for  protection  level 
one  was  predetermined  by  the  use  of  base -mounted  spring  sup¬ 
port*  for  the  shock  isolation  system.  If  a  pendulum  system 
were  used,  the  spring  supports  would  have  to  be  attached  either 
to  the  ceiling  near  the  exterior  waits  or  to  points  high  on  the 
walls  themselves.  This  would  result  in  much  longer  spans 
than  may  be  expected  in  the  base-mounted  system  and.  there¬ 
fore.  result  in  a  large  increase  in  cost  of  the  suspensiun  system 
above  that  used  where  the  platform  spans  between  the  springs 
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are  somewhat  smaller. 


If  a  corrugated  metal-plate  arch  were  used  for  the  shel¬ 
ter  configuration  at  the  25-p.  s.  i.  overpressure  range,  a  one- 
foot  thick  monolithic  base  slab  would  be  required  to  support 
the  corrugated  plate.  The  reduced  cost  of  the  foundation  slab 
of  the  arch  in  comparison  to  that  required  for  the  rectangular 
shelter,  in  addition  to  the  reduced  cost  of  the  superstructure 
of  the  former  compared  to  that  of  the  latter,  will  make  the  cor¬ 
rugated  arch  the  most  economical  arrangement  even  though  its 
use  as  a  permanent-type  structure  (20  or  30  years)  will  be 
limited.  This  limited  life  of  the  corrugated  arch  and  its  non¬ 
conventionality  led  to  the  selection  of  the  rectangular  structure 
for  use  in  this  study;  nevertheless,  it  is  realised  that,  in  the 
event  of  the  implementation  at  a  Urge  shelter  orogram.  the  use 
of  the  corrugated  arch  would  merit  consideration  during  plan¬ 
ning.  The  use  of  the  concrete  arch  at  the  2S-p.  s.  i.  overpres¬ 
sure  range  was  considered  but  found  to  be  uneconomical. 

At  the  100-p.  s.i,  overpressure  level  the  horisonlal  and 
vertical  cylinders  were  studied  in  addition  to  the  concrete 
arch.  As  previously  maintained,  the  horiauntal  cylinder  was 
found  to  be  the  most  economical  of  the  three,  and  because  of 
the  equal  unconventionally  of  the  three  arrangements,  the  hor- 
isonUl  cylinder  was  selected  as  the  most  practical  configura¬ 
tion.  In  regard  to  the  other  two  arrangements,  the  Urge  foun¬ 
dation  slab  of  the  arch  (monolithic)  and  the  thick  root  and  foun¬ 
dation  slabs  of  the  vertical  cylinder  rendered  these  structures 
uneconomical.  In  both  stiuctures,  the  use  of  the  monolithic 
foundation  is  predetermined  by  the  soil  strength  utilised  (<t  - 
ton  tutic).  If  the  structures  were  designed  for  another  -  i! 
condition  (say  a  soil  strength  of  eight  tons)  individual  footing* 
could  be  used,  thereby  vastly  reducing  the  structure  cost.  l.ts.. 
for  the  concrete  arch,  it  is  possible  to  use  footings  that  are 
eight  feel  w-io-  and  twenty  inches  thick  a  >e-h  of  the  springing 
lines,  resulting  in  s  decrease  of  approximately  thirty  percent 
of  the  cost  of  the  structure  (Aft(S)«t00-2$0-t);  however,  this 
still  excee-t*  the  mat  of  the  Horisonlal  cylinder. 

Iioth  the  hur.sonUi  and  the  vertical  cylinders  were  in¬ 
vestigated  at  Uo>  100-p.  s.  i.  overpressure  levels.  fcUch  end 
of  both  cylinders  is  Sealed  with  hemispherical  domes.  The 
use  of  the  domes  serves  a  twofold  purpose;  I.  e. .  (I)  provide 
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usable  volume  within  the  structure  thereby  reducing  the  required 
length  of  the  cylindrical  portion  of  the  structure,  and  (2)  elim¬ 
inate  the  need  for  a  thick  flat  plate  to  sustain  the  blast  load. 

Because  all  of  the  volume  of  the  horizontal  cylinders  at 
the  100-and  300-p. s.i.  overpressure  range  cannot  be  utilised 
if  the  usable  floor  area  is  on  one  level,  multi-story  inner 
structures  were  investigated  to  determine  their  efficiency  in 
comparison  to  the  single -story  structure.  The  use  of  a  two - 
story  inner  structure  was  found  to  provide  the  most  econom¬ 
ical  arrangement  for  the  populations  (100  and  2S0  persons) 
considered  and  a  protection  level  equal  to  one.  When  a  de¬ 
sign  was  performed  for  a  similar  structure  for  protection  levels 
2  and  1,  it  was  found,  for  the  spans  required,  that  structural 
members  with  frequencies  in  the  order  of  10  to  20  c.  p.  s. 
would  be  required  and.  therefore,  their  require*  st-angth 
would  have  to  be  as  much  as  20  to  SO  g.  (Figure  7-8)  depend¬ 
ing  upon  the  pressure  level  considered.  The  mvmoers  could 
not  be  designed  for  these  loads.  It  an  attempt  were  made  to 
make  a  more  flexible  system  (say  in  the  order  of  2  to  3  c.  p.  «  ), 
then  it  can  be  seen  from  Tigure  ?-B  that  the  displacement  of 
the  floor  system  would  be  in  the  order  of  3  to  13  inches  de¬ 
pending  upon  the  frequency  and  the  pressure  range.  These 
displacements  would  be  intolerable  for  the  personnel  under  re¬ 
peated  vibration  (concrete  would  damp  out  in  approximately 
10  cycles  while  steel  members  will  vibrate  many  more  timet 
than  100  cycle*  although  additional  damping  wilt  occur  in  con¬ 
nections  of  steel  structures).  From  the  above  discussion  it 
therefor*  can  be  seen  why  single -story  buildings  were  used  for 
protection  levels  two  and  three.  In  the  horiaontal  cylinders 
designed  for  protection  levels  two  and  three,  the  lower  por¬ 
tion  of  the  structure  is  filled  with  concrete  to  the  desired  elr 
vatton  of  the  floor.  The  concrete  fill  is  reinforced  to  »u-,tstn 
the  exterior  loads;  i.  e.  ,  the  thickened  concrete  section  will 
respond  to  the  bUat  load  in  a  similar  fashion  as  a  foundation 
slab. 

7-10.2  Shock  Isolation  Systems 

Shock -Isolated  Platform 

As  previously  mentioned,  the  design  of  the  shock- 
isolated  platforms  utilises  both  pendulum  and  base-mounted 
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support  systems.  The  pendulum  systems  were  used  in  those 
structures  which  (1)  could  not  readily  support  the  interior  steel 
structure  on  their  base  slabs  (cylinders);  (2)  required  an  in¬ 
crease  of  the  size  of  the  shell  above  that  required  for  a  pendu¬ 
lum  system  (arches);  and  (3)  required  two -story -interior  steel 
structures  while  the  base -mounted  systems  are  used  for  those 
shelters  where  the  pendulum  system  is  not  a  practical  ar¬ 
rangement,  e.  g.  ,  as  in  the  rectangular  structure,  the  large 
spans  would  result  in  a  substantial  increase  in  the  cost  of  the 
platform  F  both  the  pendulum  and  the  base -mounted  sys¬ 
tems.  helical  compression  springs  are  used  because  of  their 
eccnomy  and  adaptability  (Chapter  V). 

Investigation  of  the  designs  of  the  shock -isolated  plat¬ 
form  indicated  that  optimum  design  value  of  the  dynamic  re¬ 
sponse  of  one  g.  will  produce  the  most  economical  spring  sys¬ 
tem.  Fur  dynamic  response  values  less  than  one  g.  ,  an  in¬ 
crease  in  the  cost  of  the  springs  will  occur  because  of  the 
additional  length  of  the  springs  needed  to  produce  the  required 
larger  displacements  at  the  lower  response  values.  For  dy¬ 
namic  response  values  greater  than  one  g. ,  the  siae  (diameter) 
of  the  spring  wire  must  be  substantially  increased  to  carry  the 
heavier  loads  resulting  from  the  higher  response,  thereby 
producing  a  cost  increase  above  that  of  a  one -g.  design.  On 
the  other  hand,  the  tost  of  the  platform  oill  decrease  as  the 
dynamic  response  decreases,  with  a  minimum  value  occurring 
with  a  static-design  load  equal  to  1.5  g.  (design  load  equal 
to  the  weight  of  the  suspension  system  plus  the  weight  of  its 
content  and  a  safety  factor  cf  1.5).  In  the  case  of  the  large 
spring -supported  platforms  (for  personnel),  the  cost  of  the 
spring  assembly  wilt  oe  in  the  same  order  as  that  of  the  „*'it* 
form;  therefore,  an  optimum  design  toad  for  the  isolation 
system  as  a  whole  will  lie  between  l.5g.  (static  design)  and 
2  g.  (dynamic  response  of  one  g. ).  In  the  designs  presented 
herein,  the  isolated  platforms  for  pereoni  *  were  designed  for 
a  dynamic  response  oi  0.  75  g  (see  design  criteria  of 
Section  )-)).  For  the  designs  of  the  equipment -isolated  plat¬ 
forms.  which  are  auhaiantially  smaller  than  the  personnel 
isolation  systems,  the  cost  of  the  spring  assembly  is  in  the 
order  of  I  5  u*  l  times  the  cost  of  the  platform.  Therafora. 
the  must  kiao  miml  design  of  the  spring  assembly  will  pre¬ 
dominate  in  the  design  of  the  isolation  system  ss  s  whole, 
thereby  resulting  in  e  design  load  of  one  g.  applied  dynamically. 
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Although  the  designs  of  the  equipment  platforms  presented  here-  * 

in  do  not  provide  protection  for  personnel  (dynamic  response 
equal  to  or  less  than  0.  75  g. ),  an  economical  design  which 
includes  personnel  protection  but  which  will  be  slightly  more  « 

expensive  than  the  one  shown,  could  be  provided. 

Based  on  the  discussion  of  the  cost  of  the  suspension 
systems  above,  it  can  be  seen,  in  the  design  concept  ahown, 
that  the  design  of  shock  isolation  systems  for  a  dynamic  re¬ 
sponse  greater  than  one  g  would  be  uneconomical.  Therefore, 
the  utilisation  of  the  criteria  for  restrained  personnel  (Section 
3-3;  dynamic  response  equal  to  2  g.  )  and  for  the  use  nf  the 
actual  equipment  shock  tolerance  which  may  be  considerably 
higher  than  one  g  ,  (Section  4-3)  will  be  unwarranted. 

The  clearances  required  for  the  design  of  ‘he  shock- 
isolated  platforms  were  based  upon  the  space  allocations  of 
Section  7-b  and  upon  the  vertical  and  horisontal  displacement 
responses  determined  from  Figures  7-8  and  7-9.  The  maxi¬ 
mum  displacements  required  in  the  design  of  the  shock  isola¬ 
tion  system  for  ths  structures  at  the  100-and  300-p.  *,  i.  over¬ 
pressure  levels  were  equal  to  the  displacement  boundary  values 
of  the  respective  epectra  curves  whits  for  tht  25  p.  s.  i.  shel¬ 
ters  the  displacement  values  used  in  the  designs  were  lees  then 
the  boundary  values  In  ail  cases,  the  rattle  space  main¬ 
tained  around  the  shock  isolation  systems  is  greater  than  the 
resultant  of  the  horisontal  a -id  vertical  displacement  obtained 
from  the  tpectra  The  additional  space  provides  rosm  for 
rotation  of  ths  isolation  systsm  due  to  the  dynamic  loads  in 
addition  u>  any  misalignment  of  the  interior  stesi  structure 
and/or  sholl  during  construction. 

Taste  7-20  indicate*  the  properties  of  the  springs  used 
in  the  various  designs  investigated,  it  is  interesting  to  note 
the  *  the  msxJmu.u.  uncoupled  horisontal  frequency  for  the 
pendulum -type  shock  isolation  system  is  0.  ,o  c.p.  s  which 
will  conform  to  a  horisontal  acceleration  of  approximately 
0.  2  g.  This  is  less  than  one -half  the  horisontal  acceleration 
tolerance  for  pereonnei  (Section  J-J*  On  the  other  hand.,  the 
maximum  uncoupled  horisontal  frequency  for  the  base -mounted 
shock  system  of  the  25  p.  s.  i.  shelter  is  3.  I  c  p.  4.  which 
conforms  to  e  horisontal  acceleration  of  one  g.  This  latter 
value  exeteds  the  allowable  tolerance  for  personnel,  if  So 


7-84 


Table  7-20 


Type  of 

Dynamic 

Static  Load 

Mean 

Wire 

No.  of 

Tol 

Shock  Iso. 

Structure 

Response 

per  Spring 

Diameter 

Diameter 

Active 

No, 

System 

Designation 

(K.) 

(kips. ) 

(in.  ) 

(in. ) 

Coils 

Coi 

HC(T)100-250-l 

0.  75 

36.  5 

12 

2-1/2 

14.  6 

li 

HC(S)100-250-l 

0.  75 

11.  3 

12 

1-3/4 

11.  3 

i: 

AR(S)100-250-l 

0.  75 

11.  1 

12 

2 

11.2 

i: 

AR(S)100-250-2&3 

1.  0 

10.  1 

12 

2 

10.8 

i; 

to 

VC(M)100-250-l 

0.  75 

23.  2 

12 

2 

9.4 

l 

C 

HC(T)100-100-1 

0.  75 

19.  4 

12 

2 

11.  3 

l 

2 

0 

HC(S)100-100-1 

0.  75 

9.  75 

15 

2 

6.  6 

s 

AR(S)100-100-1 

0.  75 

9.  75 

15 

2 

6.  6 

£ 

AR(S)100-100-2&3 

1.  0 

6.  4 

12 

1-3/4 

10.0 

i; 

3 

iH 

VC(M)100-100-1 

0.  75 

15.  3 

10 

1-3/4 

14.  4 

h 

C 

HC(T)300-250-1 

0.  75 

20.  9 

16 

2-5/8 

15.  0 

i' 

HC(S)300-250-1 

0.  75 

13.  3 

12 

1-3/4 

19.  1 

2 

VC(M)300-250-l 

0.  75 

33.  75 

16 

2-1/2 

13.  3 

1! 

HC(T)300-100-1 

0.  75 

19.  4 

12 

2 

22.  5 

2‘ 

HC(S)300-100-1 

0.  75 

5.  6 

11 

1-1/2 

18.  1 

2( 

VC(M)300-100-1 

0.  75 

15.  4 

12 

2 

28.  1 

3( 

o 

Ml 

8 

RE(S)25-250-l 

0.  75 

13.  9 

12 

1-3/4 

2.  5 

- 

RE(S)25-250-2&3 

1.0 

5.  2 

8-1/8 

1-5/8 

4.  0 

j 

ei 

Oi 

RE(S)25-100-1 

0.  75 

11.  5 

12 

1-3/4 

3.  0 

1 

V 1 

REfS)25-100-2&3 

1.  0 

5.  5 

7-1/2 

1-5/8 

5.  0 

( 

* 

RE(S)25-10-1 

0.  75 

2.  85 

6 

7/8 

6.  1 

( 

u 

RE(S)25-10-28t3 

1.0 

0.  2 

2-3/4 

1/4 

5.  0 

1 

« 

*"-4 

HC(S)100-250-2«.3 

1.  0 

15.  6 

15 

2 

6.  6 

0 

HC(S)100-100-2&3 

1.  0 

18.  0 

15 

4 

6.  0 

9 

2 

M 

HC(S)300-250-2&3 

1.  0 

6.  8 

24-1/2 

2-3/8 

6.0 

<U 

> 

HC(S)300-100-2&3 

1.  0 

6.  0 

25-1/2 

2-3/8 

6.0 

n) 

« 

HC(S)300-250-2&3 

1.  0 

■n  >  £ 
Si  «! 

HC(S)300-100-24i3 

1.  0 

rj  „  fl) 

o  5,(0 

•2  a  - 

S  g,S 
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Table  7-20  Spring  Properties 


Static  Load  Mean 
per  Spring  Diameter 
(kips.  )  (in.  ) 

Wire 

Diameter 
(in.  ) 

No.  of 
Active 
Coils 

Total 
No.  of 
Coil  8 

Solid  Free 

Height  Height  No.  of 
(in. )  (in. )  Springs 

Uncoupled 
Vertical 
Frequency 
(cps. ) 

Uncoupled 
Horizontal 
Frequency 
(cps.  )* 

®  1 

Coupled  FrequH 
_  (cps.  ;> _ I 

36.  5 

12 

2-1/2 

14.  6 

16.  6 

41.  5 

90.  5 

8 

1.00 

0.  27 

11.  3 

12 

1-3/4 

11.3 

13.3 

23.2 

42.  5 

16 

1.  00 

0.  56 

11.  1 

12 

2 

11.2 

13.2 

26.4 

45.  7 

14 

1.  00 

0.  35 

10.  1 

12 

2 

10.8 

12.8 

25.6 

44.8 

4 

1.  00 

0.  37 

23.  2 

12 

2 

9.4 

11.4 

22.  8 

42.  1 

8 

1.00 

0.  18 

19.  4 

12 

2 

11.  3 

13.  3 

26.6 

72.  b 

6 

1.  00 

0.  27 

9.75 

15 

2 

6.6 

8.6 

17.2 

32.7 

6 

1.00 

0.  56 

9.  75 

15 

2 

6.6 

8.6 

17.2 

32.7 

» 

1.00 

0.  37 

6.  4 

12 

1-3/4 

10.0 

12.0 

21.0 

41.5 

4 

1.00 

0.  37 

15.  3 

10 

1-3/4 

14.4 

16.4 

28.7 

47.9 

8 

1.00 

0.22 

20.  9 

16 

2-5/8 

15.0 

17.0 

39.4 

77.8 

8 

0.  72 

0.  27 

13.  3 

12 

1-3/4 

19.1 

21.  1 

37.0 

75.4 

16 

0.72 

0.  56 

33.75 

16 

2-1/2 

13.  3 

15.3 

38.2 

76.  5 

8 

0.  72 

0.  17 

19.4 

12 

2 

22.5 

24.  5 

45.0 

83.4 

6 

0.72 

0.27 

5.6 

11 

1-1/2 

18. 1 

20.  1 

30.2 

68.6 

12 

0.  72 

0.  56 

15.4 

12 

2 

28.  1 

30.  1 

60.2 

98.6 

8 

0.  72 

0.  22 

13.9 

12 

1-3/4 

2.5 

4.  5 

7.9 

13.2 

20 

2.  23 

2.  54 

2.  18 

7.  1 

5.  2 

8-1/8 

1-5/8 

4.0 

5.7 

8.  5 

12.0 

10 

3.  00 

3.  1 

2.5 

7.  1 

11.  5 

12 

1-3/4 

3.0 

5.0 

8.8 

14.0 

12 

2.  20 

2.51 

2. 02 

5.8< 

5.  5 

7-1/2 

1-5/8 

5.0 

6.7 

10. 1 

13.3 

6 

2.80 

2.5 

2.  1 

6.2 

2.  85 

6 

7/8 

6.  1 

8.  1 

7.  1 

12.4 

4 

2.20 

1.  77 

.98 

2.  9’ 

0.  2 

2-3/4 

1/4 

5.0 

6.7 

1.  6 

4.0 

4 

2.86 

3.  0 

-- 

m  • 

15.  6 

15 

2 

6.6 

8.  6 

17.  1 

36.  0 

6 

l.  18 

0.47 

.70 

2.41 

18.  0 

15 

2 

6.  0 

8.  0 

16.  1 

34.7 

4 

1.  18 

0.79 

.66 

2.  40 

6.  8 

24-1/2 

2-3/8 

6.0 

7.7 

17.  1 

51.0 

8 

0.  83 

-  . 

-- 

•  • 

6.0 

25-1/2 

2-3/8 

6.0 

7.7 

17.4 

51.0 

6 

0.  83 

-- 

8 

0.96 

0.63 

2.3 

8 

1.03 

0.  69 

2.  3( 

horizontal  frequency  is  that  associated  with  pendulum  motion. 

For  base  mounts 
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would  occur  if  rocking  were  prevented. 
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ble  7-29  Spring  Properties 


Uncoupled  Uncoupled 

No.  of  Total  Solid  Free  Vertical  Horizontal  Bar  Cross  Bar 

Active  No.  ox  Height  Height  No.  of  Frequency  Frequency  Coupled  Frequency  Section  Length 
Coils  Coils  (in.  )  (in. )  Springs  (cps. ) _ (cps.  )*  (cps. )  in  x  in. _ (in. ) 


14.  6 

16.6 

41.  5 

90.  5 

8 

1.00 

0.  27 

11.  3 

13.  3 

23.  2 

42.  5 

16 

1.  00 

0.  56 

11.  2 

13.2 

26.  4 

45.7 

14 

1.  00 

0.  35 

10.8 

12.  8 

25.  6 

44.  8 

4 

1.  00 

0.  37 

9.  4 

11.4 

22.  8 

42.  1 

8 

1.  00 

0.  18 

11.  3 

13.  3 

26.6 

72.  6 

6 

1.  00 

0.27 

6.  6 

8.6 

17.  2 

32.7 

8 

1.  00 

0.  56 

6.  6 

8.  6 

17.  2 

32.7 

8 

1.  00 

0.  37 

10.  0 

12.0 

21.0 

41.  5 

4 

1.  00 

0.  37 

14.  4 

16.4 

28.7 

47.9 

8 

1.  00 

0.22 

15.0 

17.  0 

39.  4 

77.  8 

8 

0.  72 

0.  27 

19.  1 

21.  1 

37.  0 

75.4 

16 

0.  72 

0.  56 

13.  3 

15.3 

38.2 

76.  5 

8 

0.  72 

0.  17 

22.  5 

24.  5 

45.0 

83.4 

6 

0.72 

0.  27 

18.  1 

20.  1 

30.  2 

68.  6 

12 

0.72 

0.  56 

28.  1 

30.  1 

60.  2 

98.  6 

8 

0.  72 

0.  22 

2.  5 

4.5 

7.  9 

13.2 

20 

2.  23 

2.  54 

2.  18 

7,  l 

4.  0 

5.7 

8.  5 

12.  0 

10 

3.  00 

3.  1 

2.5 

7.  1 

3.  0 

5.0 

8.  8 

14.  0 

12 

2.  20 

2.  51 

2.02 

5.84 

5.0 

6.7 

10.  1 

13.  3 

6 

2.  80 

2.  5 

2.  1 

6.2 

6.  1 

8.  1 

7.  1 

12.  4 

4 

2.  20 

1.  77 

CO 

O' 

2.93 

5.  0 

6.  7 

1.  6 

4.  0 

4 

2.86 

3.  0 

-- 

-- 

6.6 

8.  6 

17.  1 

36.  0 

6 

1.  18 

0.  47 

.70 

2.  41 

6.  0 

8.0 

16.  1 

34.7 

4 

1.  18 

0.  79 

.  66 

2.  40 

6.0 

7.7 

17.  1 

51.  0 

8 

0.  83 

-- 

-- 

6.  0 

7.7 

17.  4 

51.  0 

6 

0.  83 

-- 

8 

0.96 

0.  63 

2.  » 

8 

1.  03 

2.  30 

6x1 

5x1 


80 

80 
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desired,  the  latter  system  could  be  designed  to  protect  person¬ 
nel  merely  by  the  addition  of  horizontal  springs  and  more  flex¬ 
ible  vertical  spring  systems. 

b.  Cushioning  and  Other  Protective  Devices 

In  the  design  of  the  structures  for  personnel  pro¬ 
tection  levels  two  and  three,  protective  cushioning  materia)  is 
utilized  on  the  floors,  the  interior  concrete  walls  and/or  ex¬ 
terior  walls,  the  corners  of  concrete  partitions  and  those  por¬ 
tions  of  the  interior  furnishings  which  may  form  a  hazard. 

For  protection  level  two,  the  one-inch  thickness  of  the 
cushioning  on  the  floor  was  predetermined  by  the  impact  veloc¬ 
ity  sustained  by  the  head  due  to  people  falling  over  (Chapter 
VI).  The  cushioning  on  both  the  interior  surface  of  the  inter¬ 
ior  and  exterior  walls  is  also  p.-ovided  for  people  falling  over. 
Furthermore,  the  cushioning  on  the  exterior  wall  protects  per¬ 
sonnel  from  the  effects  of  the  pressure  wave,  which  is  trans¬ 
mitted  through  the  walls,  in  addition  to  the  velocity  effects  of 
the  walls  resulting  from  the  overall  and  local  motions  of  the 
structure  shell.  It  was  assumed  in  the  designs  that  falling 
over  against  the  exterior  walls  would  not  occur  simultaneously 
with  the  other  dangers  exhibited  by  these  walls  and,  therefore, 
cumulative  thicknesses  of  cushioning  would  not  be  required. 

It  can  be  seen  from  the  above  discussion  that  the  predominating 
factor  in  determining  the  thickness  of  the  cushioning,  in  those 
structures  (designed  for  protection  level  two)  is  the  falling  over 
effects  ;  therefore  the  cushioning  thickness  is  independent  of  the 
overpressure  levels,  This  led  to  the  use  of  a  uniform  thick¬ 
ness  of  the  cushioning  for  the  design  of  those  structures  v. '  ,h 
personnel  protection  level  of  two. 

Like  protection  level  two,  those  structures  designed 
for  personnel  protection  level  three  are  ,  ovided  with  cush¬ 
ioning  on  the  interior  surfaces  of  the  exterior  walls.  This 
cushioning  is  included  for  the  purpose  of  protecting  the  inhabi¬ 
tants  close  to  the  walls  from  the  pressure  and  velocity  effects 
associated  with  the  exterior  walls --and  not  for  the  purpose  of 
cushioning  falls.  Therefore,  the  padding  thickness  will  be  a 
function  of  magnitudes  of  the  pressure  wave  passing  through 
the  walls  and  of  the  wall  motions  which  in  turn  are  a  function 
of  the  overpressure  level.  This  means  that  the  required 
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thickness  of  the  cushioning  will  vary  with  the  magnitude  of  * 

the  bverpressure  level.  In  this  study,  this  variation  of  the 

thickness  of  cushioning  is  not  considered  but  would  be  included 

in  a  definitive  design.  Since  the  injury  potential  due  to  a  given  « 

impact  velocity  is  considerably  greater  for  corners  and  edges 

than  for  flat  surfaces  (Chapter  III  and  Chapter  VI),  cushioning 

is  provided  on  the  former  surfaces.  Tne  cost  01  providing 

cushioning  for  corners  is  negligible  in  comparison  to  the  cost 

of  the  remainder  of  the  shelter. 

The  utilization  of  protective  cushioning  in  a  shelter  gen¬ 
erally  will  require  the  use  of  a  certain  number  of  bracing  de¬ 
vices  to  provide  the  desired  protection.  As  in  the  case  of 
bunks,  straps  (as  located  in  Figure  7-25)  should  be  used  above 
the  first  tier  to  prevent  falling  out.  In  most  cases,  falling 
out  of  the  first  tier  is  probably  no  worse  than  falling  from  a 
standing  or  sitting  position.  In  the  case  of  the  top  tier 
(Figure  7-25),  straps  would  have  to  be  connected  to  ceiling  or 
an  alternate  restraining  device  (seat  belts,  etc. )  would  be  re¬ 
quired.  Besides  providing  safety  straps  and/or  restraining 
devices  for  bunks,  the  cushioning  of  metal  sections  of  the 
bunks  with  which  the  occupant's  head  may  come  in  contact  or 
may  be  a  source  cf  danger  to  persons  standing  by,  should  be 
provided.  Padded  steel  helmets  to  protect  the  occupant's  head 
may  be  substituted  for  the  cushioning  on  the  bunks  proper. 

Other  means  by  which  padding  can  be  reduced  or  eliminated 
altogether  on  bunks  or  other  furniture  is  by  the  use  of  hand¬ 
holes.  The  handholes  can  be  an  integral  part  or  independent 
of  the  furniture  (see  Figure  7-26). 

The  use  of  protective  cushioning  along  with  the  other 
bracing  devices  mentioned  above  may  be  supplemented  and/o’- 
substituted  by  the  use  of  protective  clothing  (Chapter  VI). 

The  cost  of  the  supplementary  bracing  devices  or  of  the  pro¬ 
tective  clothing  has  not  been  included  in  thin  report. 
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c.  Shock  Isolation  of  Equipment  and  Miscellaneous 
Items 

The  equipment  for  which  shock  tolerances  are  un- 
known  (generators,  pumps,  electrical  equipment)  has  been  as* 
sumed  to  be  located  on  shock-isolated  platforms  with  the  shel¬ 
ters.  The  isolation  systems  are  so  designed  as  to  attenuate 
the  shock  input  environment  below  that  specified  in  category 
one  of  Section  4-3. 

On  the  other  hand,  the  equipment  for  which  tolerances 
are  known  (category  two,  Section  4-3)  and  are  greater  than 
that  of  the  shock  environment,  has  been  attached  directly  to 
the  shell,  i.  e.  ,  in  the  case  of  fluorescent  light,  both  the  fix¬ 
tures  and  lamps  can  sustain  at  least  a  20  g.  -shock  load  and, 
therefore,  are  suspended  from  the  shells  of  shelters  designed 
for  protection  levels  two  and  three.  Portions  of  some  of  the 
oquipment  which  is  not  shock  isolated  must  be  reinforced  to 
develop  its  full  shock  capacity.  As  in  the  case  of  the  fluor¬ 
escent  lights,  the  off-the-shelf  connections  of  the  fixtures  to 
the  shell  would  probably  have  to  be  strengthened  to  develop 
the  20  g.  -dynamic  load  capacity  of  the  lights  themselves. 

In  those  structures  designed  shock  tolerance  twu  and 
three,  the  furniture  will  have  to  be  reinforced  to  sustain  the 
dynamic  loads.  The  bunks  (F  gure  7-25)  and  benches  (Figure 
7-26)  will  usually  require  diagonal  bracing  to  resist  the  hori¬ 
zontal  motions  of  structures  in  addition  to  having  a  relatively 
wide  base  to  resist  overturning.  By  connecting  together  sev¬ 
eral  adjacent  bunks  or  benches,  the  required  width  usually  can 
be  produced.  These  connections  must  be  capable  of  tra.  * '’er¬ 
ring  applied  loads,  V*hen  two  benches  or  chairs  are  placed 
back  to  back,  sufficient  space  should  be  allowed  to  prevent  the 
heads  of  the  people  in  the  adjacent  benches  from  colliding.  As 
mentioned  in  Section  6-5,  arm  rests  se."  rating  every  three 
or  four  people  should  be  provided  on  the  benches.  Seat  belts 
will  prevent  people  from  falling  off. 

Figure  7-26  illustrates  a  typical  seating  arrangement 
in  a  shelter  and  tho  probable  movement  of  the  occupants  due  to 
the  ground  shock. 
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CHAPTER  VIII 


SUMMARY,  CONCLUSIONS,  AND  RECOMMENDATIONS 


8-1  Summary 


8-1.1  Shock  Environment 

Ground  shock  caused  by  the  air-blast  wave  (air-induced 
shock)  is  of  prime  importance  for  the  overpressure  levels  in¬ 
volved  in  this  study,  sine*  the  peak  intensity  of  the  waves  trans¬ 
mitted  directly  into  the  ground  (direct-transmitted  shock)  de¬ 
creases  much  more  rapidly  than  that  resulting  from  the  air- 
irdueed  effect 

Free-field  ground  motions  are  characterised  by  (1)  a 
low-frequency,  downward  displacement  pulse  which  reaches  a 
maximum  value  near  the  end  of  the  positive  phase  of  the  air- 
blast  wave  and  then  rebounds  and  damps  out  quickly;  and  by  (2) 
a  high-frequency  acceleration  which  attains  a  peak  value  in 
the  extremely  early  stages  of  the  motion.  In  some  cases 
(lower  overpressure  levels),  the  initial  motion  may  be  upward 
but  of  less  magnitude  than  the  subsequent  downward  movements. 
In  addition,  there  is  horisonial  motion  of  a  similar  nature. 

The  characteristics  of  the  structure  motions  are  similar 
to  those  of  the  free  field  except  that  the  peak  intensity  of  ac¬ 
celeration  is  of  lower  value. 

For  design  purposes,  it  is  convenient  to  express  the 
ground  shock  environment  in  terms  of  response  spectra.  Peak, 
free-field,  atr -induced  ground  motions  can  be  calculated  as  a 
function  of  weapon  yield,  blast  overpressure  level,  and  site 
conditions;  and  from  these  peak  ground  motions,  the  free- 
field  ground  shock  spectra  are  calculated 

Design  spectra,  for  a  buried  structure,  are  determined 
by  selecting  free-field  spectra  at  such  a  depth  below  the  roof 
of  the  structure  as  to  be  equivalent  to  the  design  spectra.  De¬ 
sign  spectra  can  be  obtained  in  this  manner  because  the  rapid 
attenuation  of  the  free-field  acceleration  with  depth  can  be 
utilised  to  jM.cmmt  for  the  lower  structure  acceleration 


compared  to  that  of  the  free  field.  The  free -field  displace¬ 
ments  and  velocities  attenuate  gradually  with  depth  and,  there¬ 
fore,  proper  structure  values  for  these  components,  which 
should  be  in  order  of  magnitude  of  those  of  the  free  field,  are 
obt  ained. 

8-1.2  Shock  Tolerances 

In  a  structure  subjected  to  ground  shock,  vibration 
produces  the  predominant  effect  for  persons  located  on  a 
shock-isolated  platform.  For  persons  located  on  a  floor  slab 
which  is  integral  with  the  structure  shell,  the  predominant 
effect  is  due  to  impact.  Shock  tests  conceived  specifically 
for  this  ground  shock  environment  have  not  been  performed. 
However,  based  on  tests  and  studies  of  human  and  animal  re¬ 
sponse  to  vibration  and  impact  associated  with  .ther  types  of 
shock  environments,  it  is  possible  to  prepare  estimates  of 
tolerances  for  the  ground  ehock  environment  although  a  de¬ 
gree  cf  uncertainty  will  subsist  with  such  estimates  until  ap¬ 
propriate  tests  have  been  conducted.  The  baeic  personnel 
shock -tolerance  values  are: 

Vibration  of  Non -Restrained  Personnel  •  Peak  Accel¬ 
erations:  0.  75  g.  Vertical  and  0.  50  g.  Horisontal. 

Vibration  of  Restrained  Personnel  •  Peak  Accelera¬ 
tions:  2.  0  g.  Vertical  and  Horisontal. 

impact  Against  Hard,  Flat  Surfaces  -  Peak  Impact 
Velocity:  10  ft.  / sec. 

Based  on  these  tolerance  values,  personnel  design 
criteria  established  for  this  study  consists  of  three  personnel- 
protection  levels.  The  first  protection  level  affords  the  most 
reliable  protec'.ton  of  Ihu  three  levels  and  -'quires  a  shock- 
Isolated  interior  platform  to  reduce  the  high  accelerations 
of  the  structure  to  tolerable  values.  The  second  and  third 
protection  levels  require  the  use  of  protective  cushioning  ma¬ 
terials,  in  lieu  of  shock -I solaced  platforms,  to  protect 
against  injuries  which  may  be  caused  by  (I)  impact  at  vel  * 
ocities  above  10  ft.  / sec. .  (2)  impact  with  corners  and  edges, 
and  {))  compression  waves  transmitted  through  exterior  walls 
The  second  protection  level  provides  for  cushioning  materials 
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on  all  impact  surfaces  within  the  shelter,  and  the  third  pro¬ 
tection  level  is  based  on  the  use  of  a  limited  amount  of  cush¬ 
ioning  materials.  Protective  clothing  and  bracing  devices  could 
be  used  as  an  alternate  or  as  a  supplement  to  cushioning  ma¬ 
terials 

Impact  may  result  from  the  relative  motion  cf  the  per¬ 
sonnel  with  respect  to  the  structure  and  from  being  thrown 
off  balance.  Impact  velocities  due  to  personnel  being  thrown 
off  balance  would  probably  not  exceed  17  ft.  /sec. 

The  relative  motion  of  the  personnel  with  respect  to 
the  structure  floor  can  be  estimated  by  comparing  the  struc¬ 
ture  displacement  versus  time  with  the  personnel  free-fall 
displacement  due  to  gravity.  An  approximate  (synthesised) 
displacement -versus -time  curve  can  be  computed  from  spec¬ 
tra  curves. 

Mechanical  and  electrical  equipment  are  generally  at¬ 
tached  to  their  support  and  are,  therefore,  subjected  to  a 
vibratory  motion.  Shock  tolerancee  for  equipment  vary  con¬ 
siderably  for  the  wide  range  of  available  items.  Maximum 
tolerable  acceleration  values  for  rugged  items  ate  greater  than 
20  g.  ,  whereas  tolerances  for  fragile  equipment  are  a*  low  as 
I  to  2  g  Only  select  ileme  of  equipment  have  been  tested. 
Nevertheless,  in  many  cases,  safe  tolerances  are  known 
based  on  the  shock  environment  associated  with  the  shipment 
of  equipment  on  railroad  cars  and  trucks  and  on  toads  sus¬ 
tained  during  normal  operation  of  the  equipment.  These 
values  are: 

Mechanical  and  Electrical  Equipment:  5  g.  or  lost 

Electronic  Equipment:  1  j  g  or  ‘css 

To  avoid  amplifications  due  to  resonance  with  the  com¬ 
ponents  of  equipment  items,  the  frequent  of  the  isolated 
system  should  be  less  than  10  c.  p  s. 

Equipment  tolerance  criteria  for  this  study  consists  of 
two  cstegories.  Category  one  considers  the  use  of  non-shock- 
tested  equipment  and  utilises  the  above  tolerance  values.  Cat¬ 
egory  two  considers  the  use  of  shock -tested  equipment.  In 
which  case  actual  maximum  tolerance  values  would  be  uuli.ed 


in  design. 

Miscellaneous  interior  components,  such  as  furniture, 
partitions,  ductwork,  etc  ,  require  individual  evaluation  to  de¬ 
termine  the  required  strength,  anchorage,  and  flexibility 

8-1  i  Shock  Isolation  Techniques 

In  shelters  designed  for  ground  shock,  protection  may 
be  achieved  by  providing  shock  isolation  systems  which  sep¬ 
arate  the  occupants  and/or  equipment  from  direct  contact  with 
the  structure  shell  These  systems  consist  of  (1)  shock-iso¬ 
lated  platforms  and  f 2)  cushioning  materials  and  other  protec¬ 
tive  devices  Their  use  is  dependent  upon  the  desired  reliability 
uf  protection,  the  functional  requirements,  and  the  cost  Foi 
^ersutmel  protection  level  one,  both  the  personnel  and  the 
equipment  are  supported  on  the  same  shock -i sola .ed  platform; 
for  protection  levels  two  and  three,  the  equipment  is  usually 
shock -isolated  by  platforms  and  cushioning  is  used  for  protect¬ 
ing  the  personnel 

Shock  isolation  of  platforms  can  be  accomplished  in  one 
».f  two  ways.  (I)  use  of  pendulum  spring  supports,  or  (2)  base- 
mounted  spring  supports  For  relative  displacements  up  to  ap¬ 
proximately  24  inches,  both  the  pendulum  and  the  base -mounted 
systems  utiWas  helical  compression  springs  although  beam  and 
volute  springs  can  be  utilised  at  smaller  displacements 

The  pendulum  system  consist*  of  a  series  of  rods,  bear¬ 
ing  plates,  and  springs  having  its  uppe*  end  suspended  from  the 
upper  portion  (roof  or  walls)  of  the  shelter  while  the  lower  end 
of  the  pendulum  is  attached  to  the  platform  Usually  this  ty,  - 
of  suspension  system  is  designed  for  a  dynamic  response,  to 
the  sh-tk  input. of  one  g  or  less 

The  base*  mounted  support  system  is  pported  by  ihe 
base  of  the  shelter  Here,  the  platform  is  mounted  on  the 
springs  which  in  turn  are  supported  on  ihe  foundation  slab  This 
system  can  be  designed  for  dynamic  response  values  greater 
than  one  g  although  the  mod  ecanom.cal  design  for  the  sys¬ 
tem  as  s  unit  is  for  a  dynamic  response  equal  to  or  less  than 
one  g 
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Other  than  shock-isolated  platforms,  protective  meas¬ 
ures  for  personnel  consist  of  the  use  of  (1)  protective  cushion¬ 
ing  materials.  (2)  protective  clothing,  (3)  restraining  de¬ 
vices.  and  (4)  bracing  devices  These  devices  can  all  pro¬ 
vide  a  degree  of  protection  against  injuries  caused  by  impact 
loads.  Moreover,  they  can  be  used  in  combination  in  a  par¬ 
ticular  shelter. 


Protective  cushioning  materials  placed  on  the  interior 
surfaces  of  the  shelter  offer  the  important  advantage  of  pro¬ 
viding  protection  without  relying  on  personnel  to  perform  any 
precautionary  task.  Sever*!  types  of  cushioning  materials 
are  available  which  can  provide  adequate  protection  against 
impact  injuries.  Of  the  materials  investigated.  Ensolite  6 
(trade  name  of  U.S  Rubber  Company)  provides  the  hest  pr^iee 
lion  per  inch  ot  thickness.  One  inch  .4  Ensolite  222oo  will 
piutect  the  head  at  impact  velocities  up  to  l?  ft.  ‘sec. 

F.tfeclive  utilisation  of  protective  clothing  (helmets, 
padding,  shoe*,  etc.  )  requires  an  element  of  control  tn  as¬ 
suring  that  the  clothing  will  fit  and  wi»l  be  worn  during  the 
emergency  sinee  eueh  clothing  may  be  cumbersome  and  un¬ 
comfortable  if  prolonged  use  is  required.  An  advantage  in 
usirg  protective  clothing  is  that  the  dual -put  pose  function  of 
the  shelter  area  during  non -emergency  periods  would  not  be 
affected.  The  single  most  important  item  of  protective  cl«th-* 
mg  is  the  helmet 

With  advanced  planning  and  proper  supervision  of  the 
personnel,  restraining  devices  (tap  belts  and  shoulder  straps, 
etc.  I  can  provide  protection  against  injuries  resulting  from 
impact  Bracing  devices  (handholds  and  protective  rat,'  .gs) 
can  be  used  to  provide  supplementary  protection  in  conjunc¬ 
tion  with  one  or  more  of  the  other  methods. 

*-!.  4  Desian  Studies 

The  design  studies  included  design  layouts,  illustra¬ 
tions  «f  typical  methods  used  for  providing  protection  from 
structure  motions  both  for  personnel  and  equipment,  and  Cost 
estimate*  of  thus**  portion*  of  the  structure*  which  affect,  *  r 
are  affected  by.  the  method  ef  shock  isolation  I  he  de¬ 

signs  were  prepared  for  pressure  levels  of  2>.  100.  and 
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300  p.  s.  i.  (produced  by  a  20-MT  weapon)  for  populations  of 
10,  100,  and  250  persons;  and  for  various  types  of  structures 
and  foundations.  This  study  included  buildings  with  one  or 
more  stories.  In  all  cases,  they  were  assumed  to  be  shallow 
buried.  Three  personnel  protection  levels  along  with  both 
categories  of  the  equipment  design  criteria  wexe  included  in 
the  designs. 

The  shock  environment  has  been  established  in  accord¬ 
ance  with  the  procedures  previously  mentioned  and  has  been 
developed  for  assumed  site  conditions.  The  selection  of  the 
site  characteristics  (layer  thicknesses,  seismic  velocity)  was 
such  as  to  represent  a  typical  site.  With  the  use  of  assumed 
site  conditions,  free-field  ground-shock  spectra  were  com¬ 
puted  for  10 20 -,  and  30 -ft.  depths  below  the  ground  surface. 
For  determining  the  response  of  the  interior  portions  (shock 
isolation  system)  of  the  structures,  the  free-field  ground  mo¬ 
tions  at  the  10-  ft.  and  30 -ft.  depth  have  been  assumed  to  be 
equal  to  the  motions  of  the  low  silhouette  (one-and  two-story 
shelters)  and  taller  buildings,  respectively. 

The  design  concepts  included  thirty-five  schemes,  of 
which  nine  structures  were  designed  for  the  25-p.  e.  i.  over¬ 
pressure  level  while  sixteen  and  ten  structures  were  designed 
for  the  100-  and  300-p.  s.  i.  pressure  levels,  respectively. 

The  schemes  for  the  25-p,  s.  i.  overpressure  range  were  lim¬ 
ited  to  rectangular -type  shelters  whereas  for  the  higher  pres¬ 
sure  levels  several  different  structural  arrangements,  In¬ 
cluding  horizontal  and  vertical  cylinders  and  arches,  were  in¬ 
vestigated  for  feasibility  of  construction.  In  the  latter  case, 
the  horizontal  cylinder  waz  found  to  be  the  most  practical  con¬ 
figuration  both  economically  and  functionally.  Personnel  rr*>- 
tection  levels  1,  2,  and  3  were  considered  for  all  th**e  over  ¬ 
pressure  levels  as  were  the  two  design  categories  for  the 
equipment.  All  three  population  capacities  (10,  100,  250) 
were  included  in  the  designs  of  the  structure*  at  the  25-p.  s.  i. 
overpressure  range  but  only  the  100-  and  250-person  popula¬ 
tion  were  considered  for  the  two  higher  pressure  levels. 

In  those  structures  designed  foi  personnel  protection 
level  one,  both  the  personnel  anti  the  equipment  were  aeeumed 
to  be  shock  isolated  on  the  same  platform  while  in  the  ehel- 
ters  designed  for  protection  levels  two  and  three,  only  the 
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equipment  was  mounted  on  the  isolated  platfoims.  Except  for 
the  shelters  located  at  the  25 -p.  s.  i.  pressure  level,  the  shock- 
isolated  platforms  in  the  structures  designed  for  personnel 
protection  level  one  were  supported  by  pendulum-type  com¬ 
pression  springs  while  in  the  former  structures  and  in  those 
shelters  where  the  equipment  has  been  shock  isolated  by 
itself,  base -mounted  support  systems  were  used  for  the  plat¬ 
forms.  When  protecting  personnel,  the  isolated  platforms 
were  designed  for  a  dynamic  response  to  the  vertical  accel¬ 
erations  of  the  structure  equal  to  0.  75  g.  ;  and  1.  0  g.  was 
used  when  only  the  equipment  was  being  protected.  The  se¬ 
lected  response  values  were  equal  to  or  less  than  the  toler¬ 
ances  specified  in  the  design  criteria  in  addition  to  being  the 
most  economical  arrangement.  The  use  of  a  0.  75  g.  design 
value  therefore  eliminated  the  need  of  restraining  the  personnel. 

In  the  design  of  those  structures  for  pe -tunnel  protec¬ 
tion  levels  two  and  three,  protective  cushioning  material 
was  utilised  on  the  floors,  the  interior  concrete  walls  and/or 
exterior  walls,  the  corners  of  concrete  partitions  and  those 
portions  of  the  interior  furnishings  which  may  form  a  hastrd. 
Protective  cushioning  was  used  on  the  floors,  walls,  and 
corners  of  those  shelters  designed  for  protection  level  two 
while  for  protection  level  three  only  the  exterior  walls  and 
corners  are  cushioned.  Because  the  impact  velocity  sus¬ 
tained  by  the  personnel  due  to  the  vertical  motion  of  the 
structure  was  less  than  leu  ft.  /sac,  ,  the  thickness  (one  inch) 
of  cushioning  used  in  the  shelters  designed  for  piotection 
level  two  was  based  on  the  impact  velocity  sustained  by  the 
head  due  to  people  falling  over.  Cushioning  with  ths  same 
thickness  was  used  in  shelters  designed  for  protection  level 
thrse. 

In  the  design  of  the  shell  of  the  structures,  the  blast 
toad  was  assumed  to  be  applied  to  the  exterior  of  the  shelter 
whereas  pert  lions,  intermediate  floor  «*'Ss,  and  other  inter¬ 
ior  items  were  designed  for  the  structure  response  to  the 
ground  motions.  In  the  design  of  the  rectangular  structures 
for  the  £5-p.  s.  I.  overpressure  level,  both  monolithic  founda¬ 
tions  and  individual  lootings  were  used  depending  upon  the 
personnel  protection  level  being  considered.  For  the  higher 
pressure  levels  where  horisontai  cylinders  were  utilised,  a 
thickened  (monolithic)  section  of  shell  was  used  for  the  base 
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slab  in  the  personnel  area  of  the  shelters  designed  for  protec¬ 
tion  levels  two  and  three. 


Because  all  of  the  volume  of  the  horizontal  cylinders  at 
the  100-  and  300-p,  s.  i.  overpressure  ranges  could  not  be  util¬ 
ized  if  the  usable  floor  area  was  on  one  level,  multistory  inner 
structures  were  investigated  to  determine  their  efficiency  in 
comparison  to  the  single -story  structure.  The  use  of  a  two-stay 
isolation  system  was  found  to  provide  the  most  economical  ar¬ 
rangement  for  the  population  considered  and  a  protection  level 
equal  to  one  When  a  design  was  performed  for  a  similar  struc¬ 
ture  for  protection  levels  two  and  three,  it  was  found  that  for 
the  spans  required,  the  members  could  not  be  designed  for  the 
high  dynamic  loads  of  the  ground  shock. 

Based  on  the  estimate  of  the  costs  of  the  shelters,  the 
relative  costs  (cost  of  each  structure  relative  to  a  non-shock - 
isolated  structure)  of  the  single-story  shelters  increased  with 
increasing  protection  This  was  found  to  be  primarily  the  re¬ 
sult  of  the  additional  material  required  for  the  lower  protection 
levels.  Unlike  the  single -story  structure,  the  relative  cost  of 
the  two -story  structure  was  found  to  be  less  than  that  of  the 
structures  for  protection  levels  two  or  three.  It  was  observed 
in  the  cost  investigations  that  the  relative  cost  for  a  particular 
pressure  lev#.!,  structural  configuration,  and  protection  level 
was  greater  for  the  100-person  shelter  than  that  for  the  250- 
person  shelter;  while  in  the  case  uf  the  25-p.  s.  i.  rectangular 
•tructure.  the  relative  cost  for  the  10 -person  shelter  was  less 
than  those  for  the  100-  and  250-person  structures.  The  increase 
of  the  relative  cost  of  the  100-person  shelter  above  that  of  the 
250-person  shelter  was  the  result  of  the  more  predominant  ef¬ 
fect  than  the  cost  of  the  shock  isolation  system  has  on  the  total 
cost  i*>  the  former  shelter  in  comparison  to  that  of  the  latter 

For  the  shelter  schemes  considered  in  the  design  "tudtoa 
the  increase  in  cost  of  the  shock-isolated  structures  varied  from 
4  to  65  percent  of  that  of  the  non -ehock -isolated  structures.  The 
non-shock -isolated  structure  cost  was  based  on  thoee  (terms 
which  either  affect,  or  are  affected  by.  th«  shock  isolation 
system.  I  e  .  shell  and  earthwork 
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8-2  Conclusions 


8-2.  1  General  Conclusions 

The  following  conclusions  pertain  to  shallow -buried 
civil  defense  shelters  at  overpressure  levels  up  to  300  p.  s.  i. 
and  for  megaton  surface  bursts  up  to  20  MT. 

1.  Shock-isolation  systems  can  be  effectively  and  eco¬ 
nomically  accomplished  for  the  protection  of  personnel  and 
equipment  against  the  effects  of  ground  shock. 

2.  The  free-field  ground  shock  environment  can  be  ade¬ 
quately  described,  for  design  purposes,  in  terms  of  shock 
spectra. 

3.  Design  shock  spectra  can  be  conservatively  deter  « 
mined  from  the  free-field  spectra.  This  conservatism,  which 
pertains  to  the  high-frequency  range  of  the  spectra,  usually  will 
not  affect  design  results. 

4.  Shock  tolerances  for  personnel,  as  established  in 
this  study,  can  be  designated  effectively  in  terms  of  either  vi¬ 
bration  or  impact.  Equipment  shock  tolerances  are  designated 
effectively  in  terms  of  vibration 

5.  Shock -isolated  platforms  are  an  effective  means  of 
providing  vibration  protection  for  personnel  and  equipment. 

6.  Effective  supports  for  shock-isolated  platforms  for 
vertical  and  horizontal  motions  can  be  achieved  by  utilizing 
either  (!)  pendulum  spring  systems,  or  (2)  base-mounu 
spring  systems, 

7.  Pendulum  syntems  are  usually  more  effective  than 
base-mounted  systems  when  multistory  th  -k  isolation  systems 
are  utilised. 

ft.  For  structure  displacements  up  to  approximately  24 
inches,  the  use  of  helical  springs  is  generally  appropriate  in 
both  the  pendulum  and  the  base -mounted  syetems.  Volute 
•pringe  can  be  ueed  for  displaeemente  in  the  order  of  6  inched 
or  lees  while  the  upper  bound  of  the  displacement  for  beam 


springs  is  about  3  inches. 


9.  An  optimum  dynamic  response  value  between  0.  5  and 
one  g.  in  the  vertical  direction  will  generally  result  in  the  most 
economical  shock -isolated-platform. 

10.  Cushioning  materials  placed  on  the  interior  of  the 
shelter  are  an  effective  means  of  providing  impact  protection 
for  personnel. 

1 1.  One  inch  of  cushioning  material  will  usually  be  suf¬ 
ficient  to  protect  personnel  from  injuries  resulting  from  impact. 

12.  Protective  clothing  and  restraining  and  bracing  de¬ 
vices  can  be  used  to  provide  supplementary  protection  in  con¬ 
junction  with,  or  as  an  alternate  to,  cushioning  materials. 

8-2.  2  Specific  Conclusions 

In  addition  to  the  conclusions  in  Section  8-2.  1,  the  follow¬ 
ing  conclusions  pertain  to  shallow-buried  personnel  shelters  for 
the  specific  shelter  populations  (10,  100 and  250  persons),  over¬ 
pressure  levels  (25,  100,  and  300  p.  s.  i,  for  a  20-MT  surface 
burst),  and  site  conditions  (Section  7-4)  considered  in  the  design 
studies. 


1.  Three  personnel  protection  levels  can  be  utilised 
which  afford  varying  degrees  of  protection  reliability.  On-the- 
average  safety  is  provided  by  all  three  protection  levels. 

2.  For  the  spans  considered,  interior  structural  floor  slsbs 
without  spring  supports  cannotbe  efficiently  designed  for  the  th  na- 
mic  loads  associated  with  the  designated  shock  environment. 

3.  The  optimum  value  of  the  dynamic  response  in  the  verti  - 
cal  direction  for  the  design  of  the  shock -isolate  platforms  which 
support  both  equipment  and  personnel,  is  approximately  0.  75  g. 

4.  The  optimum  value  of  the  dynamic  response  in  the 
vertical  direction  for  the  design  of  the  shock -isolated  platforms 
which  support  equipment  only,  is  one  g.  Therefore,  the  use  ef 
non-shock-tested  equipment  is  practical  except  when  the  equip¬ 
ment  is  attached  to  the  structure  shell. 
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5.  The  increase  in  cost  of  the  shock -isolated  shelters 
varies  between  4  and  65  percent  of  the  cost  of  the  corresponding 
non-shock-isolated  shelters. 

6.  The  cost  per  person  of  the  shock -isolated  shelters 
increases  with  decreasing  population  sizes. 

7.  The  cost  of  the  two- story  horizontal  cylinders  (per¬ 
sonnel  protection  level  one)  is  less  than  that  of  the  single-story 
structures  (all  protection  levels)  and  the  multistory  vertical 
cylinders. 

8.  In  all  cases,  the  increase  in  cost  of  the  two-story 
cylinder  is  equal  to  or  less  than  12  percent  of  the  cost  of  the  cor¬ 
responding  non-shock-isolated  shelters. 

9.  The  cost  of  the  shock-isolation  system  varies  be¬ 
tween  9  and  68  percent  of  that  of  the  corresponding  structure 
shell. 


8-3  Recommendations 

Based  on  the  results  of  this  study,  the  following  items 
are  recommended  tor  further  study  and  investigation.  These 
items  pertain  to  tests  on  personnel  subjected  to  simulated  ground 
shock  motions. 

1.  To  substantiate  tho  recorrmendea  personnel  vibration 
tolerances!  additional  vibration  testing  should  be  conducted  for 
durations  In  the  order  of  magnitude  of  that  expected  during 
ground  shock  up  to  the  durations  for  which  test  data  is  avVable. 

a.  These  tests  should  be  conducted  for  standing,  sitting, 
ani  reclined  personnel  and  for  personnel  restrained 
and  non-restrained. 

b.  Tests  should  be  performed  for  combined  vertical, 
horizontal,  and  rocking  vibration*. 

2.  Testing  to  obtain  additional  information  concerning 
the  horiaontal  acceleration  required  to  cause  personnel  to  fall 
over,  considering  standing  and  sitting  positions  and  relative  dl- 
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rections  of  acceleration.  The  effect  of  simultaneous  vertical 
accelerations  should  also  be  considered.  Tests  should  include 
estimates  of  body  impact  velocities  for  the  various  conditions 
considered. 

3.  Testing  similar  to  Item  2  for  personnel  strapped  to 
seats  rigidly  attached  to  the  floor  slab,  including  study  of  vari¬ 
ous  types  of  seats,  head  supports,  and  harnesses  to  provide  the 
most  effective  protection. 
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APPENDIX  A 


REVIEW  OF  THE  STATE  OF  THE  ART 


SECTION  A- 1 
INTRODUCTION 

Appendix  A  contains  discussions,  evaluations,  and 
summaries  of  publications  and  data  reviewed  in  order  to  es¬ 
tablish  the  state  of  the  art  in  the  protective  construction  field 
pertinent  to  this  study  of  shock  isolation  methods  for  hardened 
civil  defense  shelters.  The  review  was  organized  in  six  gen¬ 
eral  categories  presented  in  the  following  sections: 

A-2  Free -Field  Ground  Motions  and  Free -Field 
Ground  Shock  Spectra. 

A-3  Structure  Response  and  Spectra  for  Structures. 

A-4  Shock  Tolerances  for  Personnel. 

A-5  Shock  Tolerances  for  Equipment  and  Other  Interior 
Components . 

A-6  Shock  Testing  Facilities  and  Current  Techniques 
Used  for  Shock  Testing. 

A-7  Current  Techniques  Used  for  Shock  Isolation  Sys¬ 
tems. 

Available  publications  obtained  through  general  re¬ 
search.  the  Defense  Documentation  Center,  and  from  other 
agencies  in  response  to  our  inquiries  and  requests  for  informa¬ 
tion  were  reviewed.  Information  was  al  v  obtained  at  meet¬ 
ings  with  various  organisations. 

Under  each  category  a  discussion  and  an  evaluation  of 
pertinent  information  obtained  through  the  review  are  pre¬ 
sented  with  publications,  minutes  of  meetings,  and  other 
sources  of  information  referenced.  Following  the  discussion 
and  evaluation  for  each  category  are  summaries  of  pertinent 


information  obtained  from  the  referenced  publications.  It  is 
emphasized  that  these  summaries  contain  only  those  data  and 
that  information  which  are  particularly  applicable  to  the  pre¬ 
sent  study  and  should  not,  therefore,  be  construed  as  being 
representative  of  integral  abstracts  of  the  references  in¬ 
volved.  A  list  of  these  references  is  presented  at  the  end  of 
this  appendix.  Minutes  of  meetings  held  with  other  organiza¬ 
tions  are  presented  in  Appendix  B. 


SECTION  A-2 

FREE -FIELD  GROUND  MOTIONS  AND 
FREE -FIELD  GROUND  SHOCK  SPECTRA 


A-2.1  Discussion  and  Evaluatior 

For  the  development  of  free -field  ground  shock  spectra 
a  review  of  various  publications  was  unnecessary  since  Refer¬ 
ence  A.  1  was  specified  as  the  reference  source  for  determining 
free-field  spectra.  The  procedure  presented  in  Reference  A.  1 
is  considered  the  most  current  available  for  predicting  free- 
field  ground  motions  and  spectra  (Sections  B-3  and  B-6). 
Free-field  ground  shock  spectra  are  described  in  Chapter  II. 

However,  since  the  computed  spectra  relates  only  dir¬ 
ectly  tu  peak  free-field  ground  motions  and  peak  responses  of 
simple  elastic  systems  to  the  spectra  motions,  it  is  necessary 
to  consider  also  the  nature  of  the  time -history  characteristics 
associated  with  the  ground  motion.  These  characteristics  are 
useful  in  obtaining  a  better  evaluation  and  understanding  of  the 
effects  of  ground  shock  on  personnel  and  equipment  not  at¬ 
tached  to  the  structure  or  not  completely  elastic. 

Field  measurements  of  ground  shock  have  been  re¬ 
corded  during  nuclear  weapon  tests.  However,  this  data  can 
be  used  only  as  a  guide  when  estimating  ground  motions  inas¬ 
much  as  the  scope  of  the  test  data  was  limited  to  particular 
weapon  aises  and  overpressure  ranges,  end  to  site  conditions 
which  are  not  necessarily  typical.  In  some  cases  inconsis¬ 
tencies  were  apparent,  thereby  arousing  uncertainties  tv* 
cerning  the  reliability  of  the  data.  In  addition,  proper  scal¬ 
ing  relationships  for  sites  and  blast  environment*  different 
from  the  test  conditions  are  also  uncertain.  Nevertheless, 
for  the  purpose  of  investigating  the  time-1'  tory  characteris¬ 
tics  associated  with  ground  shock  motions,  part  test  data  are 
useful.  Tigures  A- 1  to  A-i  show  typical  free-field  vertical 
acceleration,  velocity,  and  displacement  versus  time  records 
for  various  depths  below  the  ground  surface  as  recorded  at  the 
Nevada  Teat  Site  for  s  40-KT.  weapon  yield  at  229  p.e.l. 
peak  overpressure  (Reference  A. 2).  These  data  were  re¬ 
corded  at  a  ground  range  where  the  air-blast  wave  arrived 
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prior  to  the  ground  wave,  at  the  various  depth*.  The  acceler¬ 
ation  data  were  recorded  in  the  field,  whereas  the  velocity  and 
displacement  curves  were  obtained  by  integration  of  the  accel¬ 
eration  curves. 

It  is  seen  in  Figure  A- 1  that  the  acceleration-time 
curves  are  characterised  by  a  single,  sharp,  downward  peak 
(pulse  duration  of  approximately  10  msec.)  preceded  and  fol¬ 
lowed  by  lower  amplitude  disturbances  which  become  less  pro¬ 
nounced  with  depth  because  of  modification  of  the  wave  during 
its  travel  through  the  earth.  The  surface  air-blast  arrival 
time  is  designated  by  the  vertical  line  labeled  AB,  and  the 
arrival  time  of  the  motion  is  indicated  In  this  case,  the 
early  minor  disturbances  correspond  to  the  precursor,  and 
the  peak,  acceleration  is  produced  by  the  larger  main  peak  of 
the  air  blast.  The  time  of  onset  of  motion  at  the  surface  is 
the  same  as  the  blast  arrival  time,  and  the  delay  time  with 
respect  to  AB  at  various  depths  is  the  time  required  for  the 
pressure  wave  to  travel  from  the  surface.  The  accelerations 
following  the  peak  pulse  are  associated  with  the  pressure  de¬ 
cay,  elastic  rebound  of  the  soil,  and  the  arrival  of  ground 
waves  from  sources  closer  to  ground  aero.  As  shown  in  Fig¬ 
ure  A -I,  a  rapid  attenuation  of  the  peak  surface  acceleration 
and  decreaae  of  frequency-  with  depth  occurred  both  of  which 
are  typical  of  (rue -field  accelerations  in  both  the  vertical  and 
horiaontal  directions. 

For  the  higher  weapon  yield  (20  MT  )  considered  in 
thie  study,  the  general  characteristics  of  the  acceleration 
curve  would  he  similar  to  the  records  plotted  In  Figure  A-> 
•aeept  that  the  sharp  peak  would  be  followed  by  disturbances 
of  longer  duration  (hie  to  the  longer  positive  phase  duration 
of  the  Mr  blast. 

The  peak  value  of  the  expected  ground  acceleration 
corresponds  to  toe  peak  high  frequency  acca  oration  response 
of  the  free-field  ground  shock  spectra.  The  occurrence  of 
early  disurbancev  depends  on  whether  a  precursor  forms  and 
whether  the  blast  wave  velocity  is  superseismlc  or  sub- 
seismic.  At  the  100-p.s.i.  ground  range.  the  Mast  wave 
velocity  would  be  super  seismic  for  a  typical  soil  site,  and 
the  atr»bUat  wave  would  arrive  prior  fas  any  ground  waves  at 
hie  shallow  depth*  being  considered.  At  the  100-p.s.i.  ground 


range,  the  blast  wave  velocity  would  vary  from  superseismic 
to  transeismic,  depending  on  the  particular  soil  site,  with 
the  air-blast  wave  arriving  prior  to  the  ground  wave  or  per¬ 
haps  at  about  the  same  time.  At  the  25-p.s.i.  ground  range, 
the  blast  wave  velocity  would  be  subseismic  for  a  typical  soil 
site,  and  the  ground  waves  will  arrive  prior  to  the  air-blast 
wave.  The  early-arriving  ground  wave  motions  may  cause  an 
initial  upward  acceleration;  however,  it  is  expected  that  these 
early  disturbances  will  be  of  minor  magnitude  compared  to  the 
amplitudes  associated  with  the  main  air-blast  shock. 

For  lower  overpressures,  the  upward  peak  accelera¬ 
tion  following  the  sharp  downward  peak  tends  to  increase 
with  respect  to  the  downward  peak  (Reference  A.  2)  so  that  at 
the  100-p.s.i.  ground  range  the  ratio  of  peak  downward  to  up¬ 
ward  acceleration  would  be  lower  than  that  at  300  p.s.i.  and 
lower  still  at  25  p.  s.  i.  In  fact,  at  25  p.s.i.  it  may  be  ex¬ 
pected  that  the  upward  peak  would  be  equal  to  the  downward 
peak.  The  accelerations  occurring  prior  to,  and  following, 
the  sharp  downward  peak  and  first  upward  peak  depend  on  the 
ground  wave  contribution  at  the  particular  site  and  on  the  pre¬ 
cursor  effects.  These  can  combine  to  cause  a  random-type 
motion  of  various  frequencies.  The  wave  form  preceding 
and  following  the  pronounced  peak  is  a  random  motion  con¬ 
sisting  of  many  relatively  high  frequencies  tending  to  decay 
as  the  air-blast  wave  decays.  The  ground  wave  contributions 
from  points  closer  to  ground  zero  tend  to  extend  the  duration 
of  the  disturbance  since  they  may  arrive  after  the  duration  of 
the  positive  phase  duration  of  the  air  blast  (Reference  A.  2). 

A  better  understanding  of  this  ground  motion  over  ita  entire 
duration  can  be  obtained  from  study  of  the  ground  velocity 
and  displacement  wave  forms. 

Velocity-time  curves,  obtained  from  a  numerical  in¬ 
tegration  of  the  r.cceleration-tlme  curves,  are  plotted  in  Fig¬ 
ure  A-2.  The  shapes  of  the  velocity  curves  eve  similar  to 
that  of  the  air  pressure.  The  rebound  of  the  velocity  results 
in  a  peak  upward  velocity  which  is  expected  to  be  much 
smaller  than  the  downward  velocity  (Reference  A.  2),  although 
the  rebound  portion  of  the  plotted  curves  is  not  complete  or 
reliable.  As  may  be  anticipated,  attenuation  of  the  velocity 
with  depth  is  considerably  less  than  that  of  acceleration 
since  the  duration  of  the  acceleration  puise  increases  with 
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depth. 


Displacement-time  curves,  obtained  Xrum  a  double  inte¬ 
gration  of  the  acceleration  records,  are  plotted  in  Figure  A- 3. 
It  is  seen  that  the  wave  forms  exhibit  a  gradual  time  of  rise  to 
the  peak  value  which  occurs  approximately  at  the  end  of  the 
positive  phase  of  the. air  pressure;  however,  for  other  site  con¬ 
ditions  the  peak  displacement  value  may  occur  at  an  earlier 
time.  Actually,  a  near-peak  value  occurs  considerably  before 
the  end  of  the  positive  phase  inasmuch  as  most  of  the  impulse  is 
expended  in  the  early  portion  of  the  air-blast  wave  because  of 
the  rapid  decay.  These  displacement  curves  obtained  by  inte¬ 
gration  of  the  acceleration  records  are  not  reliable  beyond  the 
peak  displacement  value.  Other  data  of  direct  displacement 
measurements  (References  A.  3.  A. 4)  indicate  that  after  the 
peak  downward  displacement,  the  displacement  rebmmds  be¬ 
cause  of  elastic  action  and  quickly  damps  out,  resulting  in  a 
residual  permanent  displacement  due  to  plastic  action.  The 
peak  value  of  the  anticipated  ground  displacement  corresponds 
to  the  peak  low-frequency  displacement  response  of  the  free- 
field  ground  shock  spectra. 

It  is  seen  that  the  displacement  And  velocity  ground  mo¬ 
tions  are  characterised  by  a  predominant  single  downward  pulse 
followed  by  *n  upward  pulse  of  lesser  amplitude  and  then  by  a 
quick  damping  out  of  the  motion.  In  the  case  of  the  displace¬ 
ment,  the  rebound  may  recover  only  a  portion  of  the  peak 
downward  motion  snri  not  result  in  any  net  upward  value.  The 
duration  of  the  downward  velocity  pulse  is  in  the  order  of  the 
positive  phase  duration,  and  the  duration  of  the  corresponding 
downward  displacement  pulse  would  be  in  the  order  of  twice  the 
positive  phase  duration.  As  previously  shown,  the  acceli..*'  * 
tion  ..‘av«  form  is  characterised  by  a  single,  sharp  downward 
peak  followed  by  an  upward  peak  and  then  by  a  high-frequency 
random-type  uct  els  ration  of  lower  amplitude.  The  sharp 
downward  acceleration  pulse  results  in  the  ,  *ak  ground  vel¬ 
ocity,  and  tho  subsequent  accelerations  correspond  to  the  decay 
and  rebound  of  the  velocity  pulse  which,  of  course,  signifies 
that  the  net  area  under  the  acceleration-time  curve,  following 
the  downward  pulse,  is  in  the  upward  direction.  The  acceler¬ 
ation  curves  Indicate  that  these  upward  values  of  acceleration 
which  would  be  associated  with  the  rebound  are  very  small 
compared  to  the  downward  peak  amplitude,  although  data  at  the 
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later  times  may  not  be  as  reliable. 


Generally,  the  horizontal  free -field  ground  motions 
have  characteristics  similar  to  those  of  the  vertical  motions  in 
which  catc  the  initial  peak  pulse  is  outward  from  ground  zero 
and  is  followed  by  a  rebound  in  the  opposite  direction. 

A -2.  2  Summaries  of  Information 
Obtained  from  References 

a.  Summary  of  Reference  A.  1 

This  guide  has  been  used  as  the  approved  reference 
source  in  the  development  of  free -field  ground  shock  spectra 
for  this  study.  The  guide  presents  equations  for  determining 
peak  free-field  ground  motions.  These  peak  motions  are  used 
to  develop  the  corresponding  free-field  ground  shock  spectra 
as  described  in  the  guide.  In  this  procedure,  only  the  peak 
ground  motions  are  evaluated  without  consideration  of  the 
time -history  of  the  motion.  Appendix  C  presents  a  summary  of 
the  equations  for  calculating  free-field  ground  motions. 

b.  Summary  of  Reference  A.  2 

This  report  presents  results  of  test  measurements  of 
ground  accelerations ,  stress,  and  strain  recorded  during 
Shot  Priscilla  (approximately  40  KT. )  of  Operation  Plumbbob 
at  the  Nevada  Test  Site.  Measurements  were  recorded  at 
peak  overpressures  ranging  from  59  to  554  p.  s.  i.  Ground 
acceleration  versus  time  motions  were  recorded  at  the  sur¬ 
face  and  at  various  depths  below  the  surface  down  to  50  feet. 
Velocity  versus  time,  and  displacement  versus  time  ground 
motions  were  determined  by  Integration  of  the  measured  ac¬ 
celeration-time  curves. 

The  soil  at  the  test  site  is  alluvial.  Stratified  and 
fissured  silty-clay  and  clayey-silt  exist  at  least  down  to  50 
feet,  and  probably  down  to  200  feet.  Below  200  fcot  lies  the 
original  lake  bnd  and  the  soil  becomes  a  sand-gravel  aggre¬ 
gate.  Bedrock  exists  below  the  650 -ft.  depth.  The  following 
seismic  velocities  were  recorded. 
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Velocity  (ft/ sec) 

1,200 

2,600 

3,600 

10,000 


Thia  report  presents  results  of  test  measurements  of 
ground  accelerations  and  displacements  recorded  during  Shot 
Priscilla  (approximately  40  KT  ■ )  of  Operation  Plumbbob  at 
the  Nevada  Test  Site.  These  measurements  were  recorded 
during  the  same  test  and  at  the  same  site  as  Project  1.4  (See 
Reference  A.  2).  Measurements  were  recorded  at  peak  over¬ 
pressures  ranging  from  59  to  270  p.s.i.  Ground  acceleration 
versus  time,  and  displacement  versus  time  motions  were  re¬ 
corded  at  the  surface  and  various  depths  down  to  100  feet. 
Velocity  versus  time,  and  displacement  versus  time  were  also 
determined  by  integration  of  the  measured  acceleration-time 
curves. 


Depth  (ft) 

0  to  10 
10  to  175 
175  to  650 
Below  650 

c .  Summary  of  Reference  A.  3 


Soil  conditions  are  the  same  as  those  given  in  the 
summary  of  Reference  A.  2. 

d.  Summary  of  Reference  A. 4 

This  report  analyses  results  of  test  measurements  of 
ground  accelerations  and  displacements  rer -rded  during  sev¬ 
eral  shots  of  the  Operation  Hardtack  serie*  at  the  Eniwetok 
Proving  Ground.  These  tests  were  conducted  to  extend  the 
knowledge  of  ground  motion  to  different  yields,  higher  ove.  - 
pressure  regions,  and  to  different  soil  types. 
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SECTION  A- 3 


STRUCTURE  RESPONSE  AND 
SPECTRA  FOR  STRUCTURES 


A-3.1  Discussion  and  Evaluation 

a.  General 

Underground  structures  experience  motions  which  are 
a  function  of  the  free -field  motions  of  the  surrounding  soil,  the 
blast  pressures  applied  directly  to  the  structure,  and  the  in¬ 
teraction  between  the  soil  and  the  structure.  It  is  important 
to  note  that  free -field  ground  motions  and  free-field  ground 
shock  spectra  are  computed  on  the  assumption  that  there  is 
no  structure  or  other  large  discontinuity  of  mass  and  stiffness 
present  within  the  soil  in  the  area  of  interest.  The  motion 
of  a  structure  placed  in  the  soil,  compared  to  the  free-field 
ground  motions,  would  depend  on  the  dimensions  and  mass  of 
the  structure.  Generally,  a  small  light  structure  would  tend 
to  move  with  the  surrounding  soil  in  accordance  with  free- 
field  motions,  whereas  the  motions  of  a  larger  structure 
would  not  be  the  same  as  the  free-field  motions. 

Theoretically,  in  order  to  determine  the  motions  of  an 
underground  structure,  it  is  necessary  to  evaluate  the  inter¬ 
action  of  the  structure  and  surrounding  soil  during  the  trans¬ 
ient  ground  shock  motions.  The  phenomena  associated  with 
these  interaction  effects  are  extremely  complex  and  difficult 
to  analyse,  and  it  is  necessary  that  simplified  conditions  be 
assumed  to  obtain  even  an  approximate  solution.  In  add' 
tior  the  many  problems  encountered  in  the  analysis  of 
structures  subjected  to  ground  shock  are  further  complicated 
by  the  uncertainties  associated  with  the  prediction  of  free- 
field  ground  motions  and  corresponding  she  .k  spectra. 

In  viow  of  the  uncertainties  involved  and  by  reason  of 
the  fact  that  this  study  considers  typical  site  conditions  and 
general  structure  configurations  rather  than  a  specific  in¬ 
stallation,  a  complicated  solution  evaluating  the  structure  in¬ 
teraction  is  not  justified.  However,  appropriate  spectra  for 
the  structures  considered  will  be  established  on  the  basis  of 
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current  concepts  representing  the  available  knowledge  in  this 
field.  The  most  convenient  criteria  would  be  postulated  in 
terms  of  a  modification  of  the  free-field  ground  shock  spectra 
in  order  to  establish  spectra  for  the  structures  placed  in  the 
free-field  environment. 

It  is  generally  felt  that  spectra  measured  within  a  struc¬ 
ture  would  have  lower  values  at  certain  frequencies  than  the 
free-field  shock  spectra.  Reference  A.  5  mentions  that  the  de¬ 
sign  (structure)  spectra  would  be  less  than  the  input  (free- 
field)  due  to  damping.  However,  reduction  of  the  free-field 
spectra  to  determine  the  structure  spectra  does  not  necessar¬ 
ily  mean  reduction  at  all  frequencies.  Except  for  an  ex¬ 
tremely  long  structure  parallel  to  the  direction  of  the  blast 
wave,  the  latter  will  completely  engulf  the  structure  and  sur¬ 
rounding  soil.  The  loading,  lasting  several  seconds,  would 
cause  the  structure  to  experience  a  peak  displacement  of  the 
same  order  of  magnitude  as  the  peak  free-field  displacement. 
This  means  that  the  low-frequency  portion  of  the  structure 
spectra  would  be  similar  to  that  of  the  free-field  spectra. 
However i  it  is  reasonable  to  expect  that  the  peak  gross  accel¬ 
eration  of  the  structure  would  be  less  than  the  peak  ground  ac¬ 
celeration  because  of  the  longer  rise  time  of  the  loading  on  the 
structure.  The  reduction  in  the  peak  structure  acceleration 
corresponds  to  lower  responses  in  the  higher  frequency  range 
of  the  structure  spectra  compared  to  that  of  the  free-field 
spectra.  This  pertains  to  the  gross  motion  of  the  structure 
when  the  structure  is  considered  as  a  rigid  body.  Depending 
on  the  flexibility  of  an  actual  structure,  peak  accelerations 
of  the  roof  slab  may  be  higher  than  the  rigid-body  accelera¬ 
tion  if  the  roof  is  near  the  ground  surface.  In  addition,  it 
may  be  possible  to  transmit  high-frequency  ground  accelera¬ 
tions  directly  through  the  structure  roof  or  walls  although 
theaa  accelerations  would  also  be  reduced  because  of  the 
structure  flexibility  and  structure  damping.  This  high-fre¬ 
quency  motion  would  only  affect  systems  rigidly  attached  to 
the  structure  and  which  do  not  have  a  large  mats  compared  to 
the  structure  shell. 

Reference  A.  1  state*  that  an  underground  structure 
may  be  considered  to  move  with  the  ground  in  accordance 
with  the  free -field  motions  st  or  near  Us  base  and  that,  in 
general,  the  structure  le  rigid  enough  so  that  all  ita  parts 


A-14 


.  have  the  same  motions.  However,  it  is  also  stated  that  the 

response  of  a  piece  of  equipment  depends  on  the  part  of  the 
structure  to  which  it  is  attached.  This  latter  statement  cor¬ 
responds  to  the  case  where  the  structure  flexibility  need  be 

•  considered.  Although  the  recommendations  of  Reference  A.  1  do 
not  involve  a  direct  attenuation  or  modification  of  the  free-field 
motions,  use  of  the  free  field  at  the  base  of  the  structure  cor¬ 
responds  to  a  reduction  in  the  high-frequency  range  of  the 
spectra  compared  to  using  a  more  shallow  depth,  such  as  the 
top  or  mid-height  of  the  structure.  The  peak  ground  accelera¬ 
tion  which  determines  the  high-frequency  range  of  the  spectra 
attenuates  rapidly  with  depth,  whereas  the  peak  ground  dis¬ 
placement  and  velocity  would  not  significantly  change  for  small 
differences  in  depth;  hence,  the  low-frequency  portion  of  the 
spectra  would  not  vary  from  the  top  or  mid-point  to  the  beee  of 
the  structure  depth.  However,  the  attenuation  with  depth  de¬ 
pends  on  the  soil  variation  with  dsplh  where  a  suarp  change 

in  soil  properties  could  effect  a  sharper  attenuation  of  the 
peak  motions. 

Shock  spectra  measurements  were  recorded  during  nu¬ 
clear  tests  in  the  free  field  and  inside  a  shallow -buried  shelter 
(Reference  A.  6).  Pertinent  measurements  are  listed  in  the 
Summary  of  Reference  A.  6  (Section  A-3.  2c)  for  the  shelter 
and  adjacent  free  field  at  116  p.  s.  i.  for  a  40-K  f.  weapon 
yield.  Although  the  weapon  yield  is  In  the  low  kiloton  range, 
comparison  of  free-field  and  structure  shock  spectra  meas¬ 
urements  can  serve  as  a  baals  for  judgment  for  other  protec¬ 
tion  levels.  HorUonlal  spectra  response*  in  the  shelter  were 
approximately  of  the  same  order  of  magnitude  as  the  free-field 
horisonul  values  st  the  corresponding  frsquenciss.  The  ver¬ 
tical  responses  in  the  shelter  were  considerably  lest  than  *  tv 
free-field  values  st  corrssponding  frequencies.  The  frse -field 
verticsl  values  were  1.6  to  ?  times  the  vertical  shelter  re¬ 
sponses  with  the  higher  ratios  in  the  frequency  range  from  40- 
180  cps.  This  indicates  greater  attenuation  .n  the  higher  fre¬ 
quencies  since,  as  previously  discussed,  high  accelerations 
tend  to  be  attenuated  by  the  structure.  For  frequencies  above 
200  c.  p.  s. ,  attenuations  were  not  as  great  as  in  the  40-180 
c.p.  s.  mag*  which  may  be  due  to  special  structure  charec- 

•  terisUcs;  perhaps  the  higher  frequency  motions  were  trans¬ 
mitted  directly  through  the  concrete  shell.  In  any  case,  there 
is  considerable  attenuation  in  toe  high-frequency  range.  The 
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attenuation  in  the  higher  frequency  range  ia  partially  due  to  the 
lower  depth  of  the  structure  gauges.  The  ratio  of  vertical  to 
horizontal  free -field  responses  varied  from  1.3  to  5  with  an 
average  of  about  2.  9.  Thus,  since  vertical  and  horizontal  peak 
accelerations  are  taken  as  being  equal  when  predicting  free- 
field  shock  spectra,  a  reduction  of  horizontal  as  well  as  vert¬ 
ical  surface  values  would  be  warranted  on  the  basis  of  the  re¬ 
corded  data. 

b.  Conclusions 

Based  on  review  of  the  data  discussed  above  and  sum¬ 
marised  in  Section  A-3.  2,  the  following  recommendations  are 
to  be  used  as  a  basis  for  establishing  design  shock  spectra  for 
this  study:  the  design  spectra  for  short  (leas  than  30  feet), 
shallow -buried  structures  shall  be  the  same  as  the  free-field 
spectra  at  depth  approximately  equal  to  the  mid -h.ight  of  the 
structure. 

For  establishing  design  spectra  for  tall,  shallow -buried 
structures,  it  is  advisable  that  the  free-field  spectra  at  a 
depth  above  the  mid -height  of  the  structure  be  used  to  properly 
account  for  soil -structure  interaction  effects  associated  with 
a  tall  structure. 


A-3. 2  Summaries  rf  Information 
Obtained  from  References 


a.  Summary  of  Reference  A.  1 

This  guide  states  that  ia  a  typical  ease  (P.  3-2?)  an 
underground  structure  may  be  considered  to  move  with  the 
ground  ia  accordance  with  the  free-field  motions  at  or  near  the 
base  ot  the  structure  sad  that,  ia  general,  the  structure  is 
rigid  enough  so  that  all  parts  of  the  structure  have  the  name 
motions.  However,  it  is  further  stated  that  *  response  of  a 
piece  of  equipment  depends  on  the  part  of  the  structure  to 
which  it  is  attached.  This  is  probably  a  more  rigorous  ap¬ 
proach  where  the  structure  cannot  be  assumed  rigid. 

This  guide  includes  comments  on  design  to  resist 
ground  shock  motions  as  summarised  below  (Page  9C-8): 

"Whether  the  structure  he  s  shallow  ben,  arch,  or  a 
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deep  underground  structure,  the  Input  motions  end  the  response 
spectre  corresponding  thereto,  for  the  free-field  motions,  ere 
used  in  the  seme  wey,  end  no  distinction  is  mede  here  be¬ 
tween  these  structures". 

"The  primery  considers tion  given  here  is  to  the  type 
of  interior  structure  which  consists  of  e  two -to -four -story 
building  frame  supported  independently  of  the  roof  covering,  so 
that  the  base  motion  to  which  the  frame  is  subjected  corres¬ 
ponds  in  many  respects  to  earthquake  base  motions.  However, 
many  of  the  comments  regarding  design  of  equipment  are  per¬ 
tinent  to  the  situation  wW<  equipment  is  mounted  directly  on 
a  box  structure  without  an  independent  interior  frame, " 

Additional  uotmnents  are  given  regarding  equipment 
mounted  in  the  structure  either  directly  on  die  bottom  floor  or 
on  an  interior  structural  element.  Where  mo  toted  on  die 
floor  the  input  base  motion  is  used.  For  the  second  ease  die 
input  would  be  modified.  Since  this  modification  is  rather  com¬ 
plicated,  tentative  recommendations  are  givea  for  use  until 
further  data  are  available  (P.  SC-16).  These  comments  per¬ 
tain  to  the  response  of  the  interior  structure  and  equipment  as¬ 
suming  foe  base  input  is  known  which,  in  effect,  does  not  con¬ 
sider  foe  structure -soil  interaction. 

It  is  further  stated  in  this  guide  that  "foe  shock  motion 
of  foe  foundation  of  foe  building  is  assumed  to  be  known,  cor¬ 
responding  to  some  relatively  simple  mottos  (possibly  a  single 
sins  curve  of  displacement)  on  which  is  superimposed  a  ran¬ 
dom  pattern  of  relatively  higher  acceleration  pulses  with  only 
a  small  amplitude  of  motion.  The  net  effects  of  foe  ground 
motion  are  most  readily  described  in  terms  of  a  response 
spectrum". 

Based  frt  the  recommendations  in  th*«  guide,  foe 
structure  motion  would  correspond  to  foe  free -field  spectra  at 
foe  base  of  foe  structure  and,  in  general,  foe  structure  could 
be  taken  as  a  rigid  body.  This  spectra  would  be  applied  dir¬ 
ectly  to  systems  attached  directly  to  foe  structure.  Where  an 
interior  etructuro  Is  used,  foe  Input  at  foe  bate  may  he  modi¬ 
fied  for  foe  Uterlor  structure  to  determine  foe  input  In  the 
equipment  mounted  on  foe  interior  structural  alomeets. 
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b.  Summary  of  Reference  A.  5 


This  report,  which  presents  basic  equations  (similar 
to  Reference  A.  1)  for  determining  free -field  spectra,  contains 
no  directly  applicable  data  pertaining  to  the  modification  of 
the  fre<s -field  spectra  to  determine  the  spectra  for  the  structure 
except  that  it  is  stated  that  the  design  spectra  would  be  less 
than  the  input  spectra  due  to  damping  (Page  7-4). 

c.  Summary  of  Reference  A.  6 

Shuck  spectra  measurements  were  recorded  during 
Shot  Smoky  of  Operation  Plumbbob  in  the  free  field  and  inside 
an  adjacent  shelter  at  lit  p.  a. i.  and  approximately  40-KT. 
weapon  sise.  The  peak  displacement  responses  versus  fre¬ 
quency  are  listed  below  for  comparison  of  the  structure  and 
free-fioid  response  spectra.  The  free -field  gauges  were 
placed  one  ft.  below  the  ground,  and  the  structure  gauges  were 
placed  on  the  floor  slab  which  was  located  at  the  12-ft.  depth. 

Vertical  Direction 


Inside  Structure  Free  Field 


Gauge  t 

Gauge  7 

Gauge  8 

«e.  p.  s. ) 

D(i*. ) 

f(c.  p.  s. ) 

D(in. ) 

f(c.  p.  s. ) 

D(ln. ) 

2.  54 

1,62 

2. 60 

3.  45 

2.53 

4.  33 

8.72 

0. 906 

8.56 

1.52 

8. 82 

1.46 

21.9 

0.  336 

22.4 

0. 845 

22.6 

3.  525 

37.0 

0. 0744 

37.4 

9. 254 

37.1 

0.  205 

92.0 

0.0167 

91.0 

0.  132 

93.0 

0.  103 

138 

0. 0099 

132 

0. 0673 

137 

0.  y.S9 

183 

0,0034 

187 

0.  0221 

180 

0. 0199 

246 

0. 0031 

238 

0. 0106 

236 

0.0122 

280 

0.0039 

280 

0.0112 

294 

0. 0033 

363 

0.0038 

339 

0.3066 

0. 0066 
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Horizontal  Direction 


Inside  Structure 

Free  Field 

Gauge  5 

Gauge  9 

f(c.  p.  s. ) 

D(in.  ) 

f(c.  p.  s. ) 

D(in  ) 

2.72 

2.25 

2.5b 

1.95 

9.  37 

0.453 

9. 12 

0.359 

22.  3 

0.  113 

22.4 

0.  189 

36.9 

0. 0451 

33.9 

0. 131 

96.  0 

0. C185 

93.0 

0.  0227 

133 

0.0101 

107 

0.0149 

184 

0. 0099 

131 

0.0107 

234 

0.0041 

203 

0.  0042 

285 

0.  0022 

293 

0. 0055 

296 

0.0031 

357 

0.  0027 

It  ia  teen  by  the  above  value*  that  the  horizontal  re- 
aponses  in  the  ahelter  are  approximately  of  the  aame  order  of 
magnitude  aa  the  free -field  horizontal  value*  at  the  correspond - 
ing  frequenciea.  Thia  indicate*  that  the  atructure,  or  at  leaat 
the  floor  alab,  tend*  to  move  with  the  toil  in  the  horizontal 
direction.  Since  the  floor  alab  ia  extremely  rigid  in  it*  plane, 
there  ia  apparently  little  iaolation  of  the  Induced  motion* 
through  the  alab.  However,  the  vertical  reaponaee  in  the 
shelter  were  conaiderably  lee*  than  the  free -field  values  at 
correaponding  frequenciea.  The  free -field  vertical  values 

were  l  b  to  7  times  the  vertical  shelter  responses  with  the 
higher  ratios  in  the  middle  frequency  range  (40  -ISO  c.  p.  s. ). 
This  indicates  greater  attenuation  in  the  higher  frequencies 
probably  because  the  structure  does  not  experience  the  same 
acceleration*  due  to  the  structure  flexibility  in  the  verltc*' 
directions  and  the  effect  of  the  buildup  of  the  blast  loading. 

In  addition,  there  Is  an  attenuation  due  to  the  lower  depth  of 
the  structure  gauges.  U  should  be  noted  that  the  measurements 
Indicate  lower  attenuations  for  frequencies  kjove  200  c.  p.  s. 
which  may  be  a  result  of  special  structure  characteristics; 
perhaps  the  structure  transmits  the  high  frequency  ground  mo¬ 
tion  directly  through  the  concrete  shell. 

The  ratio  of  vertical  to  horizontal  free -field  responses 
varies  from  1.1  to  S  with  an  average  of  about  2. 9. 
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The  increased  attenuation  for  structure  gauges  of  the 
vertical  responses  in  the  middle  frequency  range  was  also 
observed  during  Operation  Hardtack  (Project  1.  12).  However, 
attenuations  also  occured  in  the  horizontal  direction  with  in¬ 
creasing  attenuation  as  the  frequency  increased. 


SECTION  A -4 


SHOCK  TOLERANCES  FOR  PERSONNEL 


A-4. 1  Discussion  and  Evaluation 


a.  General 


Available  literature  on  shock  and  vibration  tolerances 
fr>r  hinlonicul  systems  is  reviewed  and  discussed  relevant  to  the 
e/frcU  of  ground  shock  on  personnel  in  underground  structures, 
and  conclusions  are  drawn  which  serve  as  a  basis  for  the  design 
of  shock  isolation  schemes. 

For  personnel  housed  in  a  nuclear  protective  structure, 
the  principal  biological  effects  of  p-ound  short,  t  pair 

or  injuries  that  mighi:  occur  as  a  consequence  of  the  motions  of 
an  underground  shelter.  Proper  assessmsnt  «f  this  hasard  re¬ 
quires  knowledge  in  at  least  two  areas;  namely,  (a)  informa¬ 
tion  concerning  the  motions  of  the  etructure  as  a  function  of  the 
•ite.  weapon  site,  and  overpressure  level,  end  (b)  man's  tol¬ 
erance  to  the  environment  as  a  function  of  the  motions  sines 
these  motions  determine  the  nature  uf  the  "trading  '  to  which  he 
may  be  subjected. 

The  etructure  motions,  which  are  a  function  of  the 
"free -field"  motions,  are  transient  in  nature  and  are  charact¬ 
erised  by  (I)  a  low  -frequency  downward  diep'acemeat  which 
reaches  a  maximum  value  generally  near  the  end  of  the  posi¬ 
tive  phase  of  the  air-blast  wave  which  then  rebound*  and  damps 
out  quickly,  and  (4)  a  high  frequency  random  acceleration 
which  reaches  a  penh  ,  value  In  the  extreme  eatly  stages  of  tae 
motion,  in  some  eases,  the  Initial  motion  may  ha  upward  but 
of  less  magnitude  than  the  following  downward  movements.  In 
addition,  there  s  horlsontal  motion  of  the  s  ucture  of  similar 
character. 

Although  exact  magnitudes  of  the  shock  pulses  corres¬ 
ponding  to  the  structure  motions  are  not  necessary  for  estim¬ 
ating  shock  sad  vibration  tolerances  for  personnel  housed 
within  the  etructure,  the  nature  of  the  motions  and  their  dura¬ 
tion  art  considered  pertinent  since  tolerance  has  manning  only 
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in  terms  of  a  particular  type  of  environmen;  or  exposure. 


Because  the  motions  in  a  ground  shock  environment  are 
transient  in  nature  and  could  possibly  result  in  imparting  an 
abrupt  velocity  change  to  the  body,  either  in  stopping  or  start* 
ing,  in  addition  to  a  shaking  or  vibrating  of  the  body,  it  is 
necessary  that  human  tolerance  to  two  types  of  shock  expos* 
ures  be  considered;  namely,  (1)  impacts  involving  velocity 
shocks  causing  body  acceleration  or  deceleration  and  (2) 
transient  body  vibrations.  Tolerances  for  these  types  of  ex* 
pocures  and  their  meaning  relevant  to  the  ground  shock  envir¬ 
onment  form  the  basic  consideration  investigated  with  regard 
to  personnel. 

In  a  structure  subject  to  ground  shock,  a  person  may 
experience  various  types  of  motions  depending  upon  his  loca¬ 
tion  and  posture  within  the  structure  and  upon  tb  flexibility 
of  the  supporting  system.  The  latter  depends  on  the  degree  of 
isolation  of  the  seat  and/or  fl  tor  which  supports  him,  and  on 
whether  or  not  he  is  attached  to  his  seat  by  straps  or  seat 
belts. 


If  the  floor  is  not  shock  isolated.  Its  motions  art  ap¬ 
proximately  the  same  as  those  of  the  structure  as  in  the  case 
of  a  floor  slab  which  is  monolithic  with  the  structure  shell. 
Therefore,  a  subject  not  attached  to  the  floor  is  vulnerable  to 
Impacts  simitar  to  those  experienced  in  free  falls  (due  to  the 
structure  dropping  from  beneath  him)  and/or  similar  to  those 
experienced  In  shipboard  explosions  (due  to  the  structure  re¬ 
bounding  upward  beneath  him).  These  impacts  result  from  a 
collision  with  the  floor.  Impacts  may  also  result  as  a  con¬ 
sequence  of  the  subject  being  thrown  off  balance  due  to  the 
initial  horUoelal  acceleration  of  the  structure  or  to  the  re¬ 
bounding  or  upward  motions  of  the  structure  result*  tg  la  his  be¬ 
ing  thrown  bodily  against  furniture,  wails,  or  other  hard 
surface*.  Imps  ns  in  this  category  also  bee  a  resemblance 
to  those  experienced  in  tails  and  in  shipboard  explosions. 

If  a  subject  is  attached  to  a  structure,  be  is  vulnerable 
ta  acceleration  forces  similar  to  those  experienced  In  mili¬ 
tary  aircraft  and,  in  addition,  he  is  iabl*  to  injury  by  .rea¬ 
son  of  the  shaking  or  vibrations  of  the  structure. 
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In  any  particular  case,  the  seriousness  of  injury  de¬ 
pends  upon  the  frequency,  duration,  and  magnitude  of  the  ac¬ 
celerations  directly  imposed  on  the  total  organism  and  its 
several  parts  and  on  the  impact  intensity  experienced  when 
collision  with  hard  surfaces  is  involved.  In  addition,  the  ex¬ 
tent  oi  possible  pain  or  injury  depends  upon  the  posture  of  the 
personnel  (i.  e.  ,  whether  they  are  sitting,  standing,  or  re¬ 
clining)  and  their  position  with  respect  to  nearby  hard  sur¬ 
faces.  In  order  to  reduce  or  prevent  harmful  effects,  pro¬ 
tective  measures,  such  as  shock  isolation,  cushioning  or  sep¬ 
aration  of  hard  surfaces,  proper  strapping  down,  etc.  ,  can 
be  provided. 

The  floor  system  may  be  shock  isolated  by  either  be¬ 
ing  mounted  on  springs  or  being  hung  from  the  ceiling.  In 
this  case,  the  motions  of  the  floor  differ  from  the  structure 
motion.  Peak  structure  accelerations  will  be  reduced  and 
the  floor  response  will  be  a  vibration  in  accordance  with  the 
frequency  of  the  system  superimposed  on  the  structure  dis¬ 
placement.  Although  the  support  motion  is  modified,  separa¬ 
tion  irom  non-attached  personnel  may  still  result  depending 
on  the  degree  of  shock  isolation.  If  isolation  limits  the  peak 
acceleration  response  to  less  than  one  g,  separation  will  be 
prevented.  Personnel  attached  to  a  shock-isolated  support, 
such  ashy  seat  belts  or  other  strapping,  will  experience  the 
vibratory  response  of  the  support  rather  than  the  Impact  due 
to  collision.  A  subject  may  also  be  isolated  by  Individual 
isolation  of  his  support,  such  as  a  spring -mounted  chair  or  a 
cot.  In  this  case,  he  will  be  subjected  to  the  vibratory  re¬ 
sponse  of  the  Individual  support.  Impact  would  be  minimised 
by  sucb  an  Individual  shock  mounting. 

The  motions  of  a  structure  in  a  ground -shock  environ¬ 
ment  may  have  several  poasible  effects  on  personnel  housed 
within  such  •  structure.  The  motion  may  Interfere  directly 
with  physical  activity  and/or  it  may  result  in  discomfort, 
pain,  trauma,  or  mortality.  Other  effects  associated  with 
long -duration  vibrations,  such  as  irritation,  fhtlgus,  and 
thermal  and  chemical  affects,  are  not  likely  due  t>  the 
transient  nature  of  the  motions. 

Generally,  there  are  threu  simple  criteria  for  subjec¬ 
tive  responses  to  shock  and  vibration:  the  thresholds  of 


A-21 


perception,  of  unpleasantness,  and  of  tolerance.  However, 
only  approximate  limits  to  these  thresholds  under  given  ex¬ 
posure  conditions  can  be  given  since  the  exact  physical  mode  of 
action  of  any  exposure  varies  with  respect  to  physical,  physio¬ 
logical,  and  psychological  reactions  rendering  such  limits  sta¬ 
tistical  in  nature.  With  this  in  mind,  researchers  have  es¬ 
tablished  threshold  tolerances  for  man  under  various  shock  and 
vibration  exposures  at  which  physical  tissue  damage  or  trauma 
is  not  likely  to  occur.  Furthermore,  some  have  established 
thresholds  of  perception  and  unpleasantness  for  various  vibra¬ 
tion  exposures . 

Although  most  of  the  available  data  are  not  directly  ap¬ 
plicable  to  the  exposures  expected  in  a  ground-shock  environ¬ 
ment,  those  which  are  felt  pertinent  for  establishing  shock  tol¬ 
erances  are  summarised  and  discussed  in  the  following  sec¬ 
tions  covering  vibration  tolerances,  impact  toleranv.es,  and 
conclusions. 

b.  Vibration  Tolerance 

As  pointed  out  earlier,  personnel  housed  in  a  protective 
underground  structure  and  subjected  to  ground  shock  may  be 
isolated  on  some  type  of  suspension  system  such  that  the  max¬ 
imum  accelerations  of  the  gross -structure  motions  are  not  ex¬ 
perienced.  For  an  adequate  design,  the  motions  of  the  system 
must  be  within  vibration  tolerance  limits  that  the  personnel 
can  withstand  consistent  with  operational  requirements  or 
prevention  of  injury. 

U  the  system  is  relatively  stiff,  resulting  in  initial 
downward  motions  in  excess  of  one  g,  and  the  personnel  are 
not  attached  to  the  system,  then  the  tolerance  to  vibrational 
motion  in  this  *****  range  Is  not  important  since  separation  will 
occur  and  injury  is  likely  to  result  from  impact.  On  the 
other  hand,  if  the  personnel  are  attached,  the  separation  is 
prevented  and  tolerance  to  vibrational  motions  is  of  primary 
concern,  particularly  for  isolated  systems. 

Although  a  system  may  be  isolated  to  within  one  g., 

•uch  that  no  separation  enaues  for  non-attached  personnel, 
vibration  tolerance  levels  to  these  low-frequency  motions  may 
nonetheless  he  important,  especially  since  it  has  been  reported 
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(Reference  A.  7)  that  such  levels  are  considerably  reduced  in 
the  low  frequency  range  due  to  resonance  with  the  body's  nat¬ 
ural  periods - 

Previous  studies  (Reference  A. 7)  have  been  designed  to 
determine  whole-body  response  and  tolerance  to  sinusoidal  vi¬ 
brations  in  the  frequency  range  from  1  to  70  c.p.s.  In  these 
studies,  subjects  were  (non-attached)  in  a  standing,  sitting,  or 
lying  position  on  a  horizontally  or  vertically  vibrating  plat¬ 
form,  and  at  various  selected  frequencies  and  amplitudes  sub¬ 
jective  responses  from  the  threshold  of  perception  to  pain  were 
recorded.  Exposure  times  ranged  from  5  to  cu  minutes.  The 
latter  threshold  was  considered  as  a  tolerance  limit  and  the  mo¬ 
tions  were  discontinued  beyond  this  level.  Some  of  the  criteria 
for  the  subjective  responses  were:  just  perceptible,  definitely 
perceptible,  noticeable,  unpleasant,  annoying,  painful,  and 
unbearable.  It  is  obvious  that  these  terms  are  w*de  open  for 
subjective  interpretation  and  are  only  used  to  provide  a  gen¬ 
eral  classification  of  the  perceived  sensations. 

In  analysing  the  results  of  several  investigations  in 
terms  of  willingness  of  a  subject  to  tolerate  various  levels  of 
vibration  exposure,  Reference  A.  7  shows  that  the  variability 
among  different  studies  is  very  great;  the  reeults  were  aver¬ 
aged  and  simplified  as  plotted  in  Curve  a  of  Figure  A-4.  In 
this  figure  subjective  reactions  indicating  tolerance  are  (dotted 
as  a  function  of  frequency  and  acceleration. 

In  considering  this  data  relevant  to  the  ground  shock 
problem  it  should  be  poinled  out  that  Curve  a  is  a  summary  of 
tolerances  for  relatively  long  exposure  times  (on  the  order  of 
5-20  minutes)  probably  rendering  the  values  of  tolerance  ••  c- 
•ssa.Uy  conservative  for  the  transient  exposures  of  a  ground 
shock.  According  to  Curve  a,  the  lower  level  of  tolerance  for 
these  relatively  long  exposures  is  about  0.2b  g.  Reference  A. 7 
points  out  that  larger  accelerations  can  be  ..derated  for  trans¬ 
ient  exposures  but  does  not  indicate  any  precise  limit. 

From  Curve  a  it  is  also  seen  that  the  average  tolerable 
limit  is  about  0.  >g  In  <he  low  frequency  range,  then  gradually 
increases  after  10  c.p.s.  reaching  one  g.  at  about  80  c.p.s. 
and  sharply  Increasing  after  100  c.p.s. 
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A  source  of  information  on  shorter  time -vibration  tol¬ 
erance  for  supported  (attached)  subjects  resulted  from  the  ex¬ 
perimental  work  reported  in  Reference  A.  8.  In  these  tests 
each  of  10  male  subjects  was  supported  in  a  seat  with  a  stand¬ 
ard  seat  belt  and  shoulder  harness  and  was  exposed  to  an  in¬ 
creasing  sinusoidal  acceleration  at  sele  cted  frequencies  in  the 
range  from  1  to  15  c.p.s.  At  each  frequency  the  amplitude 
was  increased  to  the  point  where  the  subject  immediately 
stopped  the  run  because  he  thought  that  further  increase  might 
cause  bodily  harm.  This  amplitude  was  considered  as  a  tol¬ 
erance  limit.  Exposure  times  ranged  from  18  to  208  seconds. 

The  average  results  of  these  teats  are  presented  in 
Cur^e  b  of  Figure  A- 4  which  shows  the  tolerance  for  each  fre¬ 
quency. 


It  is  to  be  noted  from  the  curve  that  the  lower  level  of 
tolerance  is  between  1  and  2g.  at  3-4  c.p.s.  and  7-8  c.p.s., 
aud  the  higher  level  is  7-8g.  at  15  c.p.s.  These  levels  are 
considerably  higher  than  the  results  of  other  tests  (Reference 
A.  9)  for  similar  test  support  conditions  but  for  somewhat 
longer  exposures.  Tolerance  levels  obtained  in  the  tests  of 
Reference  A. 9  are  shown  on  Curve  c  of  Figure  A-4.  In  these 
teste  16  male  subjects  were  supported  in  a  chair  and  objected 
to  a  vertical  sinusoidal  vibration  at  frequencies  from  1  to 
27  c.p.s.  At  each  frequency  the  acceleration  amplitude  was 
g  radually  increased  and  various  response  levels  recorded  until 
a  tolerance  level  (alarming  level)  was  reached.  This  tolerance 
level  is  plotted  as  Curve  c.  Relatively  high  acceleration  sen¬ 
sitivity  was  indicated  at  1,  4  to  10,  and  above  20  c.p.s.  The 
lowest  level  of  0.25g.  occured  at  one  c.p.s.  It  then  incteased 
to  0.8g.  at  2-3  c.p.s.,  decreased  to  0.6Sg.  at  4-0  c.p.s  . 
and  *hen  gradually  increased  to  the  maximum  tolerance  of 
1.4g.  at  17-20  c.p.s.  The  tolerance  then  dropped  abruptly 
to  one  g.  in  die  range  of  24  to  27  c.p.s. 

A  comparison  of  Curves  a,  b,  and  c  of  Figure  A-4 
indicates  that  a  higher  acceleration  at  corresponding  frequen¬ 
cies  can  be  tolerated  tor  shorter  exposure  times,  although 
variations  in  tills  data  are  no  doubt  partially  due  to  difference  a 
in  the  testing  procedure,  type  of  body  support,  posture, 
subjective  responses,  definition  of  tolersnces,  etc.  Curves, 
which  averaged  vibration  tolerance  tor  various  body  positions 
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and  exposure  times  from  5  to  20  minutes,  resulted  in  the 
lowest  acceleration  tolerance  for  corresponding  frequencies. 
Curve  c,  for  personnel  seated  and  attached  and  subjected  to 
gradually  increasing  accelerations  of  shorter  exposure  times, 
indicates  higher  tolerances.  Curve  b,  which  represents  a 
similar  test  of  exposure  times  ranging  from  18  to  208  seconds 
with  most  exposures  less  than  one  minute,  resulted  in  higher 
acceleration  than  Curve  c.  For  even  shorter  exposure  times 
in  the  order  of  a  few  seconds  or  less  which  would  be  assoc¬ 
iated  with  the  ground  shock,  corresponding  tolerances  may 
very  well  increase  beyond  Curve  b  in  the  same  manner  as 
Curve  b  increased  above  Curve  a.  However,  this  type  of  ex¬ 
trapolation  is  not  certain.  Reference  A.  18  points  out  that 
the  acceleration  forces  experienced  by  personnel  in  shelters 
are  of  relatively  short  durations  compared  with  available  in¬ 
formation  on  human  tolerances  and  that  these  tolerances  are 
probably  conservative  for  ground  shock  effects  on  personnel. 

Although  these  tolerance  values  may  be  conservative 
for  personnel  subjected  to  ground  shock,  the  relative  toler¬ 
ances  for  various  frequencies  probably  have  some  general  ap¬ 
plication  for  shorter  exposure  times.  Tt  is  seen  that  the  body 
is  evidently  more  sensitive  to  vibration  at  particular  frequen- 
ci**s,  suggesting  body-organ  and  appendage  resonance.  From 
the  low  frequency  range  of  Curve  a  (Reference  A.  7)  sensitivity 
is  indicated  below  2  c.p.s.  and  beyond  8  c.p.s.  Above  30 
c.p.s  ,  tolerance  increases  sharply,  probably  since  moat  of 
the  body  does  not  respond  to  the  high-frequency  motion. 
However,  the  data  of  Curve  a  is  not  too  detailed  for  small- 
frequency  variations,  and  the  main  observation  is  that  tol¬ 
erance  increases  sharply  in  the  high-frequency  range  beyond 
80  c.p.s.  Reference  A. 7  also  describes  results  of  mecha,  » 
leal  impedance  test  measurements  made  to  determine  criti¬ 
cal  body  frequencies.  It  was  found,  for  vertical  vibrations, 
that  below  approximately  2  c.p.  s.  the  body  acta  as  a  unit 
mass.  Resonance  peaks  were  found  between  .  and  6  c.p.s. 
for  the  sitting  man  and  between  S  and  12  c.p.s.  for  the  stand¬ 
ing  man.  Above  approximately  10  c.p.s.  it  was  found  that 
vibration  amplitudes  of  the  body  are  smaller  than  the  ampli¬ 
tudes  of  the  exciting  table  and  decreast  continually  with  In¬ 
creasing  frequency.  Further  studies  from  Reference  A. 7  on 
hnth  the  sitting  and  standing  subject  indicate  dial,  between  20 
and  30  c.p.s.,  the  head  exhibits  a  resonance.  Eyeball 
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resonance  has  been  observed  in  the  frequency  range  between 
60  and  90  c.p.s.  For  transverse  vibrations  it  has  been  indi¬ 
cated  that  resonant  frequencies  occurred  between  1  and  3 
c.p.s.  and  that  the  response  decreases  with  increasing  fre¬ 
quency  (Reference  A.?). 

It  is  seen  from  Curve  b  (Reference  A.  8)  that  accelera¬ 
tion  sensitivity  occurred  between  3  and  8  c.p.s.  and  that  tol¬ 
erance  increased  sharply  below  3  c.p.s.  and  above  10  c.p.s. 
This  is  generally  consistent  with  the  mechanical  impedance 
measurements  of  Reference  A.?,  although  the  data  of  Curve  a 
(Reference  A.  7)  did  not  indicate  this  variation.  However,  as 
previously  indicated,  the  low-frequency  range  of  Curve  a  ap¬ 
pears  to  be  somewhat  smoothed  out.  Curve  c  (Reference  A. 9) 
also  indicated  sensitivity  between  4  and  10  c.p.s.  followed 
by  an  increase  in  tolerance  up  to  20  c.p.s.  However,  a 
sensitivity  was  noted  beyond  20  c.p.s.  This  lat'sr  sensitiv¬ 
ity  (beyond  the  frequency  range  of  Curve  b)  is  somewhat  con¬ 
sistent  with  Curve  a  and  with  the  impedance  measurements. 
From  Curve  c  it  is  noted  that  a  sensitivity  also  occurred  at 
one  c.p.s.  which  is  consistent  with  Curve  a  but  not  with 
Curve  b. 

It  appears  that  critical  frequencies  may  exist  at  all 
frequencies  below  10  c.p.  e  depending  on  the  direction  of  the 
vibration  and  the  body  posture.  Above  10  c.p.s.  tolerance 
tends  to  increase  and  falls  off  between  20  to  30  c.p.s.  beyond 
which  there  is  a  gradual  increase  although  some  sensitivity 
may  occur  at  particular  ranges.  After  10  c.p.s.  there  is  a 
sharp  increase  in  tolerance. 

Conclusions  for  vibration  tolerances  applicable  to  :ks 
ground  shock  environment  are  indicated  at  the  end  of  the  dis¬ 
suasion  under  the  "Conclusions"  (par.  e,  below). 

c.  Impact  Tolerance 

Effects  on  personnel  subjected  to  a  vibratory-or 
oscillating -type  motion  were  discussed  in  the  last  section 
under  Vibration  Tolerances.  In  contrast  to  vibratory  mo¬ 
tion,  impact  effects  Involve  a  sudden  single-pulse-type  shock 
or  motion,  such  as  caused  by  explosions,  explosive  com¬ 
pression  or  decompression,  and  impacts  and  blows  from  rapid 
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changes  in  body  velocity  or  from  moving  object*.  Possible 
damage  (Reference  A.  7)  includes  bone  fracture,  lung  damage, 
injury  to  the  inner  wall  of  the  intestine,  brain  damage,  car* 
diac  damage,  ear  damage,  tearing  or  crushing  of  soft  tissues, 
etc.  Differences  in  injury  patterns  arise  from  differences  In 
rates  of  loading,  peak  force,  duration,  localisation  of 
forces,  etc. 

In  the  case  of  personnel  subjected  to  ground  shock  mo¬ 
tions,  impacts  would  result  from  structure  motions  relative 
to  personnel  and  from  personnel  colliding  with  adjacent  ob¬ 
jects  or  portions  of  the  structure.  For  example,  the  struc¬ 
ture  motions  will  be  characterised  by  a  sharp  downward  mo¬ 
tion  causing  the  floor  slab  to  drop  from  under  unattached  per¬ 
sonnel.  Personnel  will  then  fall  because  of  gravity  and  will 
experience  Impact  with  the  floor  slab.  If  the  structure  motion 
is  upward,  further  impact  between  the  floor  slab  *  nd  person¬ 
nel  will  occur,  and  personnel  may  be  thrown  upward  and  also 
laterally  due  to  horisontal  structure  motions,  thereby  result¬ 
ing  in  a  subsequent  collision  with  the  structure  wall  or  floor 
or  with  adjacent  objects  such  as  furniture. 

It  is  pointed  out  in  Reference  A.  10  that,  should  a  human 
be  subjected  to  impact  due  to  ground  shock,  etc.,  it  is  likely 
that  considerable  variation  in  the  body  area  of  impact  will 
occur.  In  addition,  there  are  many  circumstances  in  which 
the  decelerative  experience  may  involve  glancing  contact 
with  an  object;  also,  a  great  variation  in  the  shape,  weight, 
and  consistency  of  the  decelerating  object  or  surface  may  be 
involved. 

It  is  felt  (Reference  A.  1 1)  that  the  charaetei  of  the  d  >• 
celerating  surface,  the  angle  and  area  of  the  body  involved  at 
impact,  the  impact  velocity,  and  the  decelerating  time  and 
distance  are  each  critical  factors.  Most  hasardous  of  all 
(with  certain  ra»*e  exceptions)  is,  in  all  prt  *  ability,  un¬ 
coordinated  impact  against  a  very  hard  surface.  As  noted  in 
Reference  A.  10,  any  modification  of  the  time  of  deceleration 
and  the  distance  over  which  it  oceurs  will  markedly  influence 
the  magnitude  of  the  load  and  toe  rate  with  which  it  develops. 
Such  factors  are  responsible  for  human  survival  after  ex¬ 
periencing  impact  velocities  greater  than  that  expected  for 
mortality.  Frequently,  In  these  cates  the  surface  etruch  ie 
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•oft  ground  and  the  impact  area  of  the  body  is  large  -  the  back, 
aide,  or  ventral  surface  •  and  these  factors  modify  the  rela¬ 
tionships  between  impact  velocity  and  biological  effects.  This 
indicates  that  any  cushioning  of  the  impact,  such  as  by  use  of 
mats  on  the  shelter  floor,  could  considerably  reduce  the  im¬ 
pact  effects  on  personnel . 

Personnel  attached  to  the  structure,  such  as  by  being 
•trapped  to  a  seat  which  is  in  turn  bolted  to  the  floor  slab, 
will  not  suffer  impact  due  to  separation  from  the  structure  and 
the  subsequent  collision.  However,  they  will  be  subjected  to 
the  sudden  downward  motion  of  the  structure  (an  accelerative 
impact)  which  will  also  affect  the  human  body,  although  this 
impact  will  »»*d  to  bw  cushioned  somewhat  by  the  straps  and 
the  seat.  If  the  seat  is  sufficiently  shock  mounted  to  reduce 
the  accelerations  and  thereby  the  impact,  then  the  vibratory 
response  of  the  support  would  be  the  primary  consideration, 
as  discussed  in  the  previous  section. 

From  ths  studies  reported  in  Reference  A.  10,  it  was 
concluded  by  the  authors  that  one  can  tentatively  take  10 
ft. /sec.  as  "an  on-the-average  safe"  impact  velocity  for  adult 
humans  and  regard  the  probabilities  of  serious  injury  sad  even 
fatality  for  man  to  increase  progressively  as  the  impact  vel¬ 
ocity  is  elevated  above  this  figure.  This  tolerable  velocity  is 
based  on  Impact  with  a  Sat,  solid  surface  and  for  various 
body  postures,  including  impact  of  the  head,  impact  in  the 
standing  position  with  knees  locked,  and  impact  in  the  seated 
position.  It  was  indicated  that  a  higher  impact  velocity  could 
be  tolerated  for  cases  where  ths  impact  area  of  the  body  was 
larger,  such  as  the  back,  side,  or  ventral  surface,  or  if  the 
surface  collided  with  was  not  hard,  such  as  soft  ground.  U 
eras  also  pointed  out  in  Reference  A.  10  that  impact  with  a  90- 
degree  sharp  corner  urould  be  much  more  severe  than  with  a 
flat  surface.  Only  about  one -seventh  of  the  impact  energy  to 
ceuee  skull  fracture  due  to  impact  with  a  fUt  surfaco  would  he 
required  for  skull  fracture  due  to  impact  with  s  90-dsgros 
•harp  cornsr.  This  would  correspond  to  an  impact  velocity 
of  one-third  of  the  value  for  a  flat  surface.  It  would  thus  be 
desirable  to  avoid  Impacts  with  sharp  coraers  or  to  cushion 
ths  coraers  and  sharp  edges  of  tables,  desks,  stc.  According 
to  Reference  A.  10,  the  impact  velocity  for  the  threshold  of 
mortality  would  be  about  21  ft. /sec.  This  indicates  a  rather 
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narrow  range  between  no  injury  and  serious  injury  or  death. 


In  References  A.  U  and  A.  12,  it  was  also  concluded 
that  10  ft. /sec.  could  be  tentatively  taken  as  a  safe  impact 
velocity  with  a  hard  flat  surface. 

Reference  A.  13  states  that,  for  a  standing  person  with 
locked  knees,  no  fractures  can  be  expected  at  relative  (im¬ 
pact)  velocities  below  11  ft. /sec.,  and  serious  damage  to  the 
brain  can  be  expected  if  relative  velocity  at  contact  is  16  ft.  / 
sec.  or  more.  These  values  (based  on  drop  experiments) 
appear  to  be  consistent  with  data  from  References  A. 10,  A.  11, 
and  A- 12. 

As  reported  in  Reference  A.  14,  men  and  dummies 
were  exposed  to  deck  motions  on  a  ship  when  large  explosive 
charges  were  detonated  tinder  water.  These  motions  wheie 
characterised  by  a  short-duration  upward  acceleration  which 
can  be  equated  to  a  sudden  velocity  change.  The  duration  of 
the  accelerations  was  less  than  10  msec.  This  was  followed 
by  a  deceleration  phase  lasting  about  SO  msec.  In  other 
worde,  the  rise  time  to  the  peak  velocity  was  less  than  10 
msec,  and  the  decay  to  aero  velocity  took  an  additional  SO 
msec.  The  acceleration  phase  or  rise-time  portion  of  this 
velocity  pulse  would  be  similar  to  the  acceleration  phase  of 
the  sharp  downward,  ground-shock  velocity  pulse.  However, 
the  decay  of  the  ground- shock  velocity  pulse  is  considerably 
longer,  in  the  order  of  a  second  or  seconds.  Since,  it  ap¬ 
pears  that  the  body  is  primarily  sensitive  to  sudden  changes 
in  velocity,  this  data  would  he  pertinent.  This  type  of  shock 
velocity  would  have  an  effect  on  the  body  similar  to  that 
produced  by  a  drop  teat.  In  both  cases  a  near  inetanianevir 
velocity  change  is  experienced  due  to  the  relative  velocity 
between  the  body  and  a  flat  surface,  bt  the  tests  of  Refer¬ 
ence  A.  14,  a  niff-legged  subject  and  a  subject  seated  in  a 
hard  wooden  ch*»ir  experienced  1$  g.  for  g  ’  ««.  (peak  vel¬ 
ocity  of  4.0  ft. /see.)  after  whieh  the  tests  were  discontinued. 
This  does  not  indicate  a  tolerable  limit  since  no  physiological 
effects  were  reported  except  for  some  discomfort  in  the 
stiff -legged  position.  A  subject  with  bent  knees  experienced 
an  acceleration  of  10  g.  for  S  msec,  (peak  velocity  of  I 
ft.  /see.)  without  discomfort.  This  is  also  not  necessarily 
a  tolerable  limit,  but  it  does  indicate  that,  in  the  bent-knee 
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position,  humans  are  capable  of  tolerating  a  higher  impact  vel¬ 
ocity.  This  cushioning  of  the  shock  in  the  bent-knee  position 
is  further  apparent  by  the  fact  that,  in  the  stiff-legged  and 
seated  position,  the  subjects  left  the  deck  at  the  maximum  deck 
velocity,  whereas  in  the  bent-knee  position  the  subject  left 
the  deck  at  about  5  to  10  percent  of  the  maximum  deck  veloc¬ 
ity.  From  other  data  described  in  Reference  A.  14,  the  au¬ 
thors  stated  that  a  stiff-legged  or  a  seated  man,  for  which  the 
maximum  velocity  is  8  ft. /sec.,  will  experience  a  vertical 
displacement  of  about  one  ft. ,  and  in  areas  in  which  the  deck 
velocity  is  greater,  some  injuries  may  occur. 

Reference  A.  IS  reports  on  studies  of  personnel  injur¬ 
ies  resulting  from  the  wartime  explosion  of  a  minesweeper. 
Injuries  were  correlated  with  deck  motions.  It  was  found 
that,  for  personnel  without  advance  warning  and  in  random  body 
positions,  injury  due  to  an  initial  acceleration  of  SO  g.  for 
6.5  msec.  (peak  velocity  of  It  .5  ft. /sec.)  can  occur.  For 
personnel  hurled  through  die  air,  deck  velocities  of  about 
IS  ft. /see.  resulted  in  collision-impact  injuries.  This  latter 
value  is  probably  higher  because  of  collision  with  a  large  ten- 
pact  surface  of  the  body. 

RtfercncnsA.  16  and  A.  17  describe  other  data  relevant 
to  impact  on  ships,  including  use  of  protective  shoes.  Ref¬ 
erence  A.  16  points  out  that  direct  injuries  due  to  movements 
are  associated  with  a  high  initial  acceleration  for  a  short 
duration,  whereas  if  the  same  amplitude  is  reached  under  a 
lower  acceleration  for  a  longer  time,  injury  will  occur  Am 
to  the  subsequent  collision  after  being  hurled  into  the  air. 

This  is  consistent  with  the  References  discussed  above.  In  a 
laboratory  test  of  cadavers(Reference  A.  16),  a  velocity  of 
12  ft. /sec.  reached  in  1.1msec.  caused  some  fractures  to 
those  without  protective  shoes  and  no  injury  to  those  with 
protective  shoes.  In  addition,  it  was  stated  that  protective 
shoes  and  mats  wilt  protect  standing  person.  1  against  direct 
Impact  attests  for  velocities  up  to  20  ft.  /sec.  However,  the 
danger  of  indirect  injury  (subsequent  collision)  is  sttti  present. 

Reference  A.  17  describes  simitar  data  and  states  that 
forces  effective  la  causing  impact  injuries  are  of  very  short 
duration  (1-2  msec.)  producing  extremely  high  accelerations 
(200 -V00  g.)  sad  peak  velocities  of  shout  12  ft-  / sec .  It  was 
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further  shown  that  protection  from  these  forces  may  be  afford¬ 
ed  by  protective  shoe3. 

From  review  of  the  data  pertaining  to  personnel  ex¬ 
periencing  impact  due  to  falls  or  by  other  mechanisms  caus¬ 
ing  sudden  velocity  changes,  it  appears  that  the  impact  veloc¬ 
ity  can  be  taken  as  the  significant  injury  parameter.  Although 
various  combinations  of  acceleration  and  duration  (or  deceler¬ 
ation  and  duration  for  collision)  have  been  imposed  on  person¬ 
nel,  in  general  no  injuries  are  reported  until  an  impact  vel¬ 
ocity  change  greater  than  about  11  ft- /sec.  occurred.  Of 
course,  the  time  durations  (time  for  peak  velocity  change)  are 
all  extremely  short,  i.c.,  generally  in  the  range  of  10  msec, 
or  less.  For  longer  time  durations,  consideration  of  an  im¬ 
pact  tolerance  in  terms  of  the  same  peak  velocity  change  may 
be  conservative.  This  is  apparent  by  considering  the  use  of  a 
mat  or  protective  shoes  which  increase  the  stoppirjt  time  and 
thereby  permit  s  higher  tolerable  velocity  change.  Thus,  for 
extremely  short  time  durations  a  tolerance  may  be  considered 
in  terms  of  sn  approximately  constant  peak-velocity  change, 
and  for  relatively  longer  time  durations  the  tolerable  velocity 
would  increase  as  the  time  increases.  This  phenomenon  is 
due  to  the  fact  that,  as  the  stopping  time  becomes  small,  the 
acceleration  response  of  the  body  reaches  a  peak  (because  of 
the  body  flexibility)  and  shorter  times  and  higher  accelera¬ 
tions  are  no  more  severe  than  the  most  critical  impact  case 
of  the  body  colliding  with  a  rigid  surface.  For  these  short 
acceleration  durations,  injury  Is  related  to  the  kinetic  energy 
which  must  be  absorbed  by  the  body. 

This  characteristic  oi  impact  etfecr  on  the  body  is  in¬ 
dicated  in  Reference  A.  19  which  states  that  subjects  strap*.  *' 
to  a  seat  experienced  a  trapezoidal  acceleration  pulse.  Tot 
the  trapesoidal  pulses  of  extremely  short  durations  (in  the 
range  of  10  msec,  or  less),  the  area*  of  the  pulsea  were  of 
the  same  order  of  magnitude,  indicating  that  .#  tolerance 
could  be  approximately  related  to  a  peak  impact  velocity. 
However,  for  the  longer  duration  pulses  the  areas  of  the 
pulses  increased  which  corresponds  to  an  increase  of  the 
tolerable  velocity. 

The  effect  ot  horizontal  motions  on  the  throwing  of 
personnel  off  botanee  or  hurting  them  laterally  would  depend 


on  the  body  stance  and  position,  the  acceleration  intensity, 
duration,  and  rate  of  onset  (jolt)  of  acceleration-  As  des¬ 
cribed  in  Section  A-2,  the  ground  shock  motion  would  be 
characterised  by  a  sharp,  single,  lateral  peak  acceleration 
followed  by  lower  amplitude  disturbances-  The  duration  of 
the  sharp  peak  pulse  is  a  small  fraction  of  a  second.  If  the 
floor  slab  or  supports  for  the  personnel  are  shock  mounted, 
this  peak  acceleration  will  be  attenuated,  and  a  lower  fre¬ 
quency  vibratory  acceleration  response  will  result.  Refer¬ 
ence  A.  7  presents  short-time  acceleration  loads  associated 
with  public  transportation  and  automobiles.  Although  the 
effect  of  these  accelerations  on  throwing  personnel  off  balance 
is  not  discussed,  it  is  possible  to  derive  certain  conclusions 
from  the  values  given.  For  public  transit  the  normal  accel¬ 
eration  and  deceleration  is  0. 1  to  0.2  g.  for  5  second* 

Since  these  are  considered  for  normal  conditions,  it  is  rea¬ 
sonable  to  conclude  that  personnel  will  not  be  thrown  off  bal¬ 
ance,  For  emergency  atop  braking  from  70  mph.,  the  de¬ 
celeration  is  0.4  g  for  2.  5  seconds,  it  is  reasonable  to  as¬ 
sume  that  tilts  type  of  sudden  atop  would  thtow  standing  per¬ 
sonnel  off  balance  and  perhaps  throw  seated  personnel  forward 
off  their  seats.  For  automobile  stops  a  deceleration  of  0, 25  g. 
for  5  to  8  seconds  is  considered  *  comfortable  stop,  snd  a  de¬ 
celeration  of  0.45  g.  for  1  to  5  seconds  is  considered  very 
undesirable. 

From  tills  data  on  hortsontal  accelerations  it  appears 
that  personnel  could  probably  sustain  about  0.  i  g,  without  be¬ 
ing  thrown  off  balance,  and  at  values  of  0,  4  g.  they  would 
moat  likely  be  thrown  off  balance.  .Per  values  lying  between 
0.2  and  0.4  g.  the  ttance  of  personnel  and  the  jolt  associated 
with  the  acceleration  are  probably  significant  factors,  TI-* 
grou„4  shock  acceleration  required  to  throw  personnel  off 
balance  may  be  greater  because  of  the  shortened  duration  and 
associated  jolte  of  the  accelerations  Also,  the  structure 
may  accelerate  downward  from  under  personnel  before  the 
personnel  can  respond  to  the  horisontal  structure  motions. 

A  tolerable  hortsontal  acceleration  of  0. 50  g  is  recommend¬ 
ed  (Reference  A.  10)  for  ground  shock  protection  of  standing 
personnel  as  described  below, 

d.  Additional  Information 
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The  vibration  and  impact  tolerance  data  presented  in 
the  above  sections  and  summarised  in  Section  A -4.  2  were 
discussed  with  pertinent  agencies  with  regard  to  establishing 
criteria  for  personnel  shock  tolerances  for  the  ground  shock 
environment.  Tentative  conclusions  and  recommondations  bad 
been  made  which  served  as  a  basis  for  discussion  at  the 
meetings. 

The  recommended  impact  velocity  of  10  ft.  /sec.  was 
discussed  at  the  meeting  with  the  Lovelace  Foundation  (Sec¬ 
tion  B-4),  This  velocity  is  considered  an  "on-the -average" 
safe  tolerable  vatue  for  total -body  as  well  as  skull  impact 
with  a  hard  flat  surface.  For  impact  with  sharp  corners, 
the  tolerable  impact  velocity  would  be  considerably  less. 

Since  the  horisontal  motions  in  combination  with  the  vertical 
motions  would  probably  throw  personnel  off  balance,  it  is 
possible  that  an  uncoordinated  type  of  impact  w<  rid  occur  and 
»me  injuries  may  result  for  persons  of  certain  age  groups, 
for  persons  colliding  in  an  awkward  position,  and  where  a 
person  falls  backwards  and  experiences  impact  with  the  back 
of  the  heed.  In  the  latter  case,  an  impact  velocity  greater 
than  10  ft.  /sec.  may  he  unavoidable.  For  Impact  velocities 
greater  than  10  ft.  / sec.  and  for  added  safety  at  10  ft.  /sac. , 
a  cushioning  material  should  be  provided.  Bracing,  such  as 
ha.tdrails,  could  he  used  to  prevent  personnel  from  being 
thrown  off  balance.  It  is  also  pointed  out  (Section  B*4)  that 
•trapping  a  person  to  a  chair  could  introduce  additional 
ha  ear  Us  due  to  the  vibration  loading  and  the  Interaction  be¬ 
tween  the  body  and  chair. 

As  discussed  during  the  meeting  at  the  Air  FOrce  Spec¬ 
ial  Weapons  Center  (Section  B-5)  and  presented  in  Refer.  p  a 
A.  20,  the  tolerances  recommended  are  1. 75  g.  for  seated 
personnel  and  0. 75  g.  vertical,  and  0.  SO  g.  horisontal  for 
•tending  personnel.  These  values  are  based  on  the  considera¬ 
tion  that  separation  of  the  floor  slab  with  i  spec*  to  personnel 
would  result  in  Injury.  Therefore,  the  possibility  that  impact 
between  personnel  and  the  structure  could  be  tolerable  is  not 
considered.  As  discussed  in  Ssction  B-S,  if  separation  of 
personas!  with  respect  to  the  structure  ie  permitted  in  civil 
defense  shelters,  cushioning  material  should  he  provided,  ami 
for  seated  personnel,  seat  belts  should  be  provided. 
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As  discussed  during  the  meeting  at  the  Defense  Atom' 
ic  Support  Agency  (Section  B-6),  personnel  protection  could 
best  be  achieved  by  providing  protective  padding  or  by  use  of 
frangible -type  material  to  absorb  the  impact  energy. 

It  was  pointed  out  during  the  meeting  at  the  Naval 
Research  Laboratory  (Section  D-?)  that,  with  regard  to  per¬ 
sonnel  ground- shock  effects,  the  high  accelerations  assoc¬ 
iated  with  the  high-frequency  range  of  the  spectra  would  not 
be  critical  as  a  direct  effect  since  personnel  will  not  respond 
to  these  high-frequency  components.  Consideration  of  a 
sudden  velocity  change  would  be  more  appropriate  for  evaluat¬ 
ing  personnel  effects.  Naval  shipboard  data  have  indicated 
tolerances  for  impact  velocities  up  to  approximately  10  ft./ 
sec.  for  particular  body  postures  and  areas  of  impact.  Per¬ 
sonnel  are  believed  to  be  sufficiently  rugged  to  survive  ex¬ 
pected  motions  without  appreciable  injury.  However,  person¬ 
nel  should  be  either  strapped  into  chairs  or  be  provided  with 
hard  holds,  or  else  cushioning  should  be  provided  on  adjacent 
objects  with  which  personnel  could  collide.  In  general,  it 
is  advisable  to  use  cushioning  material  to  pad  all  potential 
hard  impart  surfaces  so  as  to  provide  the  most  reliable  pro¬ 
tection.  Loose  items,  such  as  furniture,  etc.,  should  be 
attached  to  the  structure . 

At  the  meeting  at  the  Naval  Medical  Research  Lab¬ 
oratory  (Section  B-8),  recommended  vibration  tolerances 
were  discussed  with  the  following  values  arrived  at  tor  sug¬ 
gested  criteria:  2  g.  for  less  than  10  c.p-  s. ;  5  g.  for  10-20 
c.p.s.i  7  g.  for  20  to  40  c.p.s.i  and  10  g.  above  40  c.p.s. 
Although  these  vibration  tolerances  are  based  on  test  data 
for  longer  duration  exposure  than  that  which  would  result 
from  structure  motion  caused  by  ground  shock,  it  is  consid¬ 
ered  that  tolerances  for  shorter  durations  may  not  necessar¬ 
ily  be  significantly  higher.  Therefore,  the  above  values 
shall  be  adopted  for  this  study.  In  addition,  the  available 
test  data  for  seated  personnel  arc  for  personnel  tested  in 
special  protective  seats.  The  impact  velocity  of  10  ft. /sec. 
with  a  hard  flat  surface  is  considered  to  be  generally  safe. 

If  the  body  were  in  a  flexible  position  or  the  area  of  impact 
were  large,  higher  impact  velocities  could  be  tolerated.  Im¬ 
pact  with  sharp  corners  should  be  avoided  or  the  corners 
should  be  padded.  A  possible  hasard  is  falling  over  backwards 
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and  striking  the  back  of  the  head  in  which  case  injury  might 
result  even  if  there  were  no  structure  motions,  although  it  is 
noted  that  in  most  cases  such  a  fall  would  be  cushioned  by 
striking  the  back  or  arms  first.  To  provide  protection 
against  this  type  of  injury,  padding  is  advisable. 

As  discussed  during  the  meetings  (Sections  B-4,  B-5, 
B-6,  and  B-7),  no  known  personnel  shock  tests  have  been 
conducted  specifically  for  the  ground  shock  problem  although 
this  type  of  testing  is  presently  being  considered. 

e.  Conclusions 

Based  on  review  of  the  data  discussed  in  the  previous 
sections  and  summarised  in  Section  A-4.2,  the  conclusions 
presented  below  constitute  recommended  basic  criteria  for 
establishing  personnel  shock  tolerances.  Specific  application 
of  this  criteria  with  regard  to  this  study  is  presented  in  Chap* 
ter  Ul. 


For  personnel  strapped  to  chairs  or  cots  which  are 
shock  isolsied,  the  tolerable  peak  acceleration  amplitudes  as  a 
function  of  the  frequency  of  the  vibration  are  as  follows.  The 
values  pertain  to  both  the  vertical  and  horiaontal  directions 
and  are  presumed  not  to  result  in  injury  for  most  people  tub* 
jected  to  such  vibrations  fer  the  expected  time  durations. 


Frequency 

Tolerable  Acceleration 

lets  than  10  c.p.s. 

i  g. 

10  to  20  c.p.a. 

5  g. 

20  to  40  c.p.s. 

above  40  c.p.s. 

10  g. 

tsote  that  for  the  higher  frequency  ranges  given  above, 
the  tolerances  may  be  unduly  conservative,  and  consideration 
of  an  impact  or  sudden  velocity  change  may  b»  more  applic¬ 
able  since  the  high  frequency  vibrations  would  actually  be  ap¬ 
proximating  the  gross  motions  of  the  structure.  This  motion 
is  characterised  by  a  velocity  pulse  which  reaches  the  peak 
velocity  due  to  a  predominant  single  perk  pulse  of  accelera¬ 
tion.  followed  by  high- frequency  lower  amplitude  disturb¬ 
ances  (Section  A-*).  Consideration  of  shock  tolerance  from 
this  standpoint  can  be  related  to  impact  tolerance  data  watch 
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is  probably  less  conservative  than  the  available  vibration  tol¬ 
erance  data  with  regard  to  the  ground  shock  environment.  Of 
course,  the  high-frequency  (high  g.)  accelerations  may  still 
be  present,  but  it  has  been  indicated  that  humans  would  not 
respond  to  the  peak  acceleration  amplitudes  at  high  frequen  ¬ 
cies,  and  physiological  effects  can  be  conveniently  related  to 
the  velocity  change  regardless  of  the  associated  acceleration. 

For  impact  with  a  hard,  Hat  surface  in  random  body 
positions  with  no  special  protective  devices,  the  tolerable 
impact  velocity  (relative  velocity  between  personnel  and  the 
surface  at  impact)  which  would  not  result  in  injury  for  most 
people  experiencing  collisions  is  to  be  taken  as  10  ft. /sec. 

For  personnel  thrown  off  balance  and  subjected  to  an 
uncoordinated  type  of  impact  with  a  flat,  hard  surface,  it  is 
expected  that  some  persons  may  experience  injut  y,  although, 
in  general,  this  type  of  fall  will  be  cushioned  by  the  arms 
and  hands  and  the  large  area  of  impact.  Possible  injuries 
can  be  greatly  reduced  by  providing  protective  padding. 

For  impact  with  a  cushioned,  flat  aurface,  where  mata 
or  protective  clothing,  eve.,  are  provided,  the  tolerable 
values  will  be  considerably  higher  depending  on  the  cushion¬ 
ing  provided.  Maximum  impact  velocities  in  the  range  of 
IS  to  20  ft. /sec.  could  probably  be  tolerated  with  proper 
protection. 

For  impact  with  a  sharp  corner  or  edge,  cushioning 
must  be  provided. 

For  protection  of  standing  personnel,  current  eritewa 
(Reference  A. 20)  recommends  0.5  g.  as  a  tolerable  hortsontal 
acceleration  and  0.75  g.  as  the  tolerable  vertical  accelera¬ 
tion. 


A-4.2  Summaries  of  Information 
Obtained  from  kefs  fences 

a.  Summary  of  Reference  A. 7 

This  report  presents  a  comprehensive  study  on  the 
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biological  effects  of  shock  and  vibration  and  deals  with  three 
basic  problems:  the  structure  and  properties  of  the  human  body 
as  a  mechanical  and  biological  system,  the  effects  of  shock 
and  vibration  of  this  system,  and  the  protection  required  by 
the  system  under  various  exposure  conditions.  Numerous 
data  on  tolerance  criteria  for  various  exposure  conditions  are 
presented.  Although  most  of  the  data  is  not  related  directly 
to  the  ground  shock  problem,  that  which  is  felt  pertinent  has 
beet,  singled  out  for  attention  and  summarised  or  indicated 
below. 

Vibration  Effects 


Biological  easterns  may  be  influenced  by  vibration  of 
sufficient  amplitudes  at  all  frequencies.  This  report,  how¬ 
ever,  is  concerned  primarily  with  the  frequency  range  from 
l  c.p.s.  to  100  c.p.s.  although  studies  at  higher  frequen¬ 
cies  are  very  useful  ten  titu  analysis  of  tissue  characteristics. 

This  report  explains  that  structurally,  the  human  body 
consists  of  a  hard,  bony  skeleton  whose  pieces  are  held  to¬ 
gether  by  tough,  fibrous  ligaments  and  which  is  embedded  in 
a  highly  organised  mass  of  connective  tissue  and  muscle.  The 
soft  visceral  organs  are  contained  within  the  rib  cage  and  the 
abdominal  cavity.  The  combined  use  of  soft  tissue  and  bone 
in  the  structure  of  the  body,  together  with  the  body's  geomet¬ 
ric  dimensions,  results  in  a  system  which  exhibits  roughly 
three  different  types  of  response  to  vibratory  energy  depend¬ 
ing  upon  the  frequency  range.  At  very  low  frequencies,  be¬ 
low  approximately  100  c.p.s.,  the  body  can  be  described  for 
most  purposes  as  a  lumped  parameter  system.  Resonances 
are  observed  which  can  be  attributed  to  the  interaction  of 
tissue  masses  wUh  purely  elastic  structures.  For  higher 
frequencies,  through  the  audio  range  and  up  to  100  h- c.p.s., 
the  wave  propagation  of  vibratory  energy  becomes  more  and 
more  Important,  but  the  type  oi  wave  propaga.ion  (shear 
waves,  surface  waves,  or  compression  waves)  is  strongly 
influenced  by  boundaries  and  geometrical  configurations. 

Above  100  k. c.p.s.  and  up  to  m. c.p.s.  range,  compres¬ 
sion  waves  predominate  and  are  propagated  in  a  beatn-llke 
manner.  This  viewpoint  permits  not  only  a  phenomenologi¬ 
cal  description  of  the  body's  mechanical  properties  but  also 
forms  the  basis  for  attempts  to  ox|4ain  the  behavior  of  tissue 
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in  terms  of  microscopic  tissue  and  cell-structure. 

The  mechanical  impedance  of  a  man  standing  or  sitting 
on  a  vertical  vibrating  platform  has  been  investigated.  It 
was  found  that  below  approximately  2  c.p.s.  the  body  acts  as  a 
unit  mass.  Resonance  peaks  were  found  between  4  and  6 
c.p.s.  for  the  sitting  man  and  between  5  and  12  c.p.s.  for  the 
standing  man.  Above  approximately  10  c.p.s.  it  was  found 
that  vibration  amplitudes  of  the  body  are  smaller  than  the  am* 
plitudes  of  the  exciting  table  and  decrease  continually  with  in¬ 
creasing  frequency.  Of  course,  impedances  and  transmission 
factors  are  changed  considerably  by  individual  differences  in 
the  body  and  its  posture  as  well  as  support  by  a  seat  or  back 
rest  for  a  sitting  subject  or  by  tho  state  of  the  knee  or  angle 
joints  of  a  standing  subject.  The  resonance  frequencies,  how¬ 
ever,  remain  relatively  constant.  Transmission  factors  as 
high  as  4  have  been  observed  in  the  frequency  range  below 
10  c.p.s. 

Further  studies  on  both  the  sitting  and  standing  subject 
indicate  that  between  20  and  30  c.p.s.  the  head  exhibits  » 
resonance  with  a  transmission  factor  between  head  and  shoul¬ 
der  of  about  3.  Eyeball  resonance  has  been  observed  in  the 
frequency  range  between  60  and  90  c.p.s. 

The  Impedance  of  the  human  body  lying  on  its  back  on  a 
rigid  surface  and  vibrating  in  the  direction  of  its  longitudinal 
axis  has  been  determined  by  ballistocardiograph  studies,  it 
was  found  that  the  total  mass  of  the  body  forms  a  simple, 
spring-mass  system  which  i«  in  resonance  between  3  and 
3.3  c.p.s.  with  a  transmission  factor  between  body  and  slab 
of  about  3. 

The  physical  response  to  transverse  vibration  is  quite 
different  from  that  described  above  for  vertical  vibration:  in¬ 
stead  of  thrust  forces  acting  primarily  alon*.  the  lute  of  action 
of  the  force  'f  gravity  on  thr  human  body,  they  act  at  right 
angles  to  this  line.  The  distribution  of  the  body  masses  along 
this  tine  is  therefore  of  the  utmost  importance. 

Impedance  measurements  tor  transverse  vibration  nre 
not  available.  The  results  of  transmission  studies  indicate 
that,  for  both  the  sitting  and  standing  subject,  resonant 


frequencies  are  between  1  and3c-p-*.  and  that  the  response 
decreases  with  increasing  frequency- 

Although  impedance  measurements  tend  to  indicate 
critical  frequency  ranges,  this  is  not  true  in  every  case  as 
observed  during  the  vibration  tests  - 

Many  methods  have  been  developed  to  assess  man's 
tolerance  to  vibration  in  a  quantitative  manner,  but  most  of 
these  are  based  on  a  limited  number,  specific  types,  or  a 
specific  interpretation  of  experiments  and  contradict  each 
other  to  a  certain  degree.  These  results  have  been  averaged 
and  simplified  as  given  in  Curve  a  of  Figure  A-4  described  in 
the  discussion.  The  tolerance  limit,  which  represents  an 
average  for  man  in  the  standing,  sitting,  and  lying  positions 
without  any  protection  and  exposure  times  of  S  to  20  minutes, 
is  plotted  as  a  function  of  acceleration  and  frequency. 

Data  of  this  type  (Reference  A.  8)  for  short  exposures  of 
less  than  one  minute  for  the  frequency  range  1  to  15  c.p.s. 
are  also  discussed  in  this  report.  Subjects  were  strapped  in 
a  seat  and  exposed  to  steadily  increasing  vertical  vibration 
amplitude  until  they  could  no  longer  tolerate  it.  They  were 
then  asked  for  their  reactions  and  what  their  specific  reason 
was  for  asking  to  be  released.  No  single  criterion  for  toler¬ 
ance  was  found  although  some  reactions  were  more  common 
than  others.  The  estimated  limits  of  tolerance  according  to 
these  criteria  are  shown  on  Curve  b  in  Figure  A-4  and  repre¬ 
sent  the  border  line  beyond  which  physical  tissue  damage  oc¬ 
curs  in  a  relatively  short  time. 

Although  Curve  b  is  for  subjects  supported  in  their 
seats,  it  does  indicate  that  man's  tolerance  to  vibratory  ac¬ 
celeration  increases  as  the  exposure  time  decreases.  For 
exposure*  on  the  order  of  seconds,  such  as  encounterod  in  a 
ground  shock  environment,  Curve  b  is  prob  *  ly  a  lower 
bound  to  man's  tolerance  to  the  environment,  if  he  is  strapped 
down  in  a  seat  attached  to  the  floor  slab  and  isolated  so  that 
he  does  not  receive  the  initial  jolt  of  the  impact.  In  view  of 
the  lack  o.  short-duration  data,  the  use  of  Curve  a  to  assess 
man's  tolerance  to  transient  vibrations  when  he  is  not  sup¬ 
ported  or  strapped  down  may  be  overly  conservative.  From 
Curve  a  it  is  seen  that  the  tolerable  limit  is  about  0,  )g.  which 


gradually  increases  after  about  30  c.p.s.  reaching  one  g.  at 
about  80  c.p.s.  and  sharply  increasing  after  100  c.p.s. 

Impact  Effects 

As  opposed  to  vibratory  effects  the  authors  consider 
mechanical  shock  effects  on  personnel,  such  as  those  caused 
by  explosions,  explosive  compression  or  decompression,  and 
impacts  and  blows  from  rapid  changes  in  body  velocity  or 
from  moving  objects.  Possible  damage  includes  bone  frac¬ 
ture,  lung  damage,  injury  to  the  inner  wall  of  the  intestine, 
brain  injury,  cardiac  damage,  ear  damage,  tearing  or 
crushing  of  soft  tissues,  etc.  Differences  in  injury  patterns 
arise  from  differences  in  rates  of  loading,  peak  force,  dura¬ 
tion,  localisation  of  forces,  etc.  This  report  refers  to  im¬ 
pact  tolerance  data  developed  by  other  researchers.  Some  of 
these  data  are  presented  in  the  following  section?  of  the  ap¬ 
pendix. 


This  report  also  presents  approximate  duration  and 
magnitude  of  short-duration  acceleration  loads  which  may 
give  some  indication  of  horiaontal  acceleration  values  required 
to  throw  personnel  off  balance.  For  public  t ransit,  normal 
acceleration  and  deceleration  is  0.1  to  0.2  g.  for  5  seconds. 
For  emergency-stop  braking  from  70  m.p.h.,  the  decelera¬ 
tion  is  0.4  g.  for  2.9  seconds.  For  a  comfortable  stop  in  an 
automobile,  ths  deceleration  is  0.25  g.  for  5  to  0  seconds; 
for  a  very  under  treble  stop,  the  deceleration  is  0.45  g.  for 
3  to  5  seconds. 

b.  Summary  of  Reference  A.O 

Short  time  human  tolerance  criteria  for  sinusoidal 
vibration  from  1  to  14  c.p.s.  were  determined  using  10 
healthy  male  subjects  weighing  from  136  to  210  lbs.,  and 
ranging  from  4  ft.  7  in.  to  6  ft.  3  in.  in  .sight.  Bach  sub¬ 
ject  was  supported  in  a  seat  using  a  standard  seat  belt  and 
harness,  and  at  each  frequency  the  amplitude  was  increased 
at  a  constant  rate  from  aero  to  the  point  where  the  subject 
stopped  the  run  because  he  thought  that  further  Increase  might 
cause  bodily  harm. 

The  purpose  of  the  tests  was  to  find  the  short  *Mme 
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vibration  limit  of  subjective  voluntary  tolerance  and  to  define 
this  tolerance.  Tolerance  was  defined  as  the  degree  of  stress 
human  subjects  are  willing  to  undergo  without  noticeable  in¬ 
jury. 

The  lower  levels  of  tolerance  were  found  to  lie  between 
1  and  2  g.  at  3-4  c.p.s.  and  7-8  c.p.s.  The  highest  toler¬ 
ance  level  of  7-6  g.  was  found  at  15  c.p.  s.  Subjective  toler¬ 
ance  limits  were  caused  by  one  or  more  of  seven  specific 
sensations  or  sympto  ms  mainly:  abdominal  pain,  chest  pain, 
testicular  pain,  head  symptoms,  dyspnea,  anxiety,  and  gen¬ 
eral  discomfort.  Physiological  observations  during  vibra¬ 
tion  exposure  were  also  made. 

Exposure  times  ranged  from  18  to  208  seconds.  How¬ 
ever,  these  do  not  represent  exposure  at  the  tolerable  value 
since  there  was  a  buildup  to  the  peak  acceleratirn  amplitude. 

It  is  possible  that  shorter  exposures  of  the  same  amplitude 
may  be  just  as  severe.  Curve  b  of  Figure  A -4  described  in 
the  discussion  illustrates  some  of  the  data  recorded  in  these 
tests. 

c.  Summary  of  Reference  A.  9 


Each  of  16  selected  male  subjects  were  supported  in  a 
chair  and  subjected  to  a  vertical,  sinusoidal  vibration  at  se¬ 
lected  frequencies  in  the  range  from  1  to  27  c.p.s.  The  ex¬ 
posure  time  appears  to  be  In  the  order  of  minutes. 

Vibration  levels  were  established  in  terms  of  four 
levels  defined  as  definitsly  perceptible,  mildly  annoying,  ex¬ 
tremely  annoying,  and  alarming  as  acceleration  increase* 
slowly  for  each  selected  frequency  at  a  constant  rate.  The 
alarming  level  was  considered  as  a  tolerance  limit  and  the 
run  was  discontinued. 

Relatively  high  acceleration  sensitivity  was  indicated 
at  I,  4  to  10,  and  above  20  e.p.s.  The  lowest  level  of 
tolerance  (0.25g.)  occurred  at  one  c.p.s.,  then  increased 
to  0.8g.  at  2-3  c.p.s.  after  which  it  then  decreased  to 
0.65g.  at  4*8  c.p.s.  and  then  gradually  Increased  to  the 
maximum  tolerance  of  t.4g.  at  17-20  c.p.s.  range.  The 
tolerance  then  dropped  abruptly  to  one  g.  in  the  range  of  24 
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to  27  c.p. s.  Some  of  these  data  areplotted  in  Figure  A-4  which 
is  described  in  the  discussion.  At  each  frequency  the  am¬ 
plitude  was  increased  at  a  constant  rate  until  the  tolerance 
limit  was  reached.  It  was  found  that  the  body  is  evidently 
more  sensitive  to  vibration  at  selected  frequencies,  suggest¬ 
ing  body  organ  and  appendage  resonance. 

d.  Summary  of  Reference  A.  10 

This  report  describes  the  results  of  impact  tests  on 
animals  and  discusses  data  from  literature  relevant  to  hu- 
mans.  Tertiary  effects  encompass  injuries  that  occur  as  a 
consequence  of  actual  displacement  of  a  biological  target  by 
winds  that  accompany  the  propagation  of  the  pressure  pulse. 

It  is  also  stated  that,  although  damage  may  ensue  during  the 
accelerative  phase  of  movement  because  of  differential  vel- 
ocities  imparted  to  various  portions  of  the  body,  trauma  is 
likely  to  be  more  prevalent  and  severe  during  deceleration, 
particularly  if  impact  with  a  hard  surface  occurs.  Although 
the  ground  shock  environment  differs  in  that  motions  imparted 
to  personnel  are  not  caused  by  direct  wind  forces,  the  latter 
effect  of  deceleration  impact  would  be  similar  to  that  which 
could  occur  during  ground  shock  motions. 

It  is  pointed  out  that  proper  assessment  of  the  tertiary 
blast  hasard  requires  knowledge  in  at  least  two  areas;  namely, 
(a)  information  concerning  velocities  attained  by  objects  hav¬ 
ing  the  else  and  shape  of  man  and  (b)  man's  tolerance  to  im¬ 
pact  as  a  function  of  striking  velocity.  In  the  case  of  ground 
shock,  the  former  eould  be  established  on  the  basis  of  the 
structure  motions,  and  the  latter  would  be  similar  to  that  in- 
vestlgated  in  this  report. 

In  the  tests  described,  the  various  animals  were  sub¬ 
jected  to  Impact  velocities  ranging  between  IS  ft.  /  sec.  and 
it  ft. /sec.  in  order  to  establish  mortalit, -Impact  velocity 
levels.  The  desired  velocities  were  generated  by  allowing 
the  animals  to  free-fall  from  various  heights  to  a  flat  con¬ 
crete  pad.  The  ventral  surface  of  each  animal  was  die  area 
of  impact.  Estrapolatioa  of  the  data  to  a  70  kg.  animal 
was  made  to  predict  lethal  velocity  levels  for  an  animal  of 
human  siss.  Bated  on  this  data,  the  predicted  threshold 
condition  for  lethality  is  21  ft.  /sec. ,  and  the  Impact  velocity 
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for  50  -percent  mortality  would  be  26  ft.  /sec.  This  applies 
to  young  adult  animals  subject  to  impact  with  a  solid  Hat  sur¬ 
face  in  the  prone  position. 

It  is  pointed  out  that,  should  a  human  be  subjected  to 
impact,  such  as  that  due  to  ground  shock,  etc. ,  it  is  likely 
that  considerable  variation  in  the  body  area  of  impact  will  oc¬ 
cur.  Also,  there  are  many  circumstances  in  which  a  decs!- 
erative  experience  may  involve  glancing  contact  with  an  ob¬ 
ject;  in  addition,  a  great  variation  in  the  shape,  weight,  and 
consistency  of  the  decelerating  object  or  surface  may  be  in¬ 
volved.  Any  modification  of  the  time  of  deceleration  and  the 
distance  over  which  it  occurs  will  markedly  influence  the 
magnitude  of  the  g.  load  and  the  rate  with  which  it  develops. 
Such  factors  are  responsible  for  human  survival  after  exper¬ 
iencing  Impact  velocities  greater  than  that  expected  for  mor¬ 
tality.  Frequently  in  these  cases,  the  surface  struck  is  soft 
ground,  and  the  impact  area  of  the  body  it  large  -  the  hack, 
side,  or  ventral  surface  -  and  these  factors  modify  the  re¬ 
lationship  s  between  impact  velocity  and  biological  effect. 
However,  the  authoie  are  concerned  with  human  impact  on  a 
Hat,  solid  surface,  and  the  stopping  distances  are  controlled 
only  by  the  tissues  of  the  body,  la  this  regard  the  authors  re¬ 
viewed  other  literature  involving  humans  as  summarised  be¬ 
low.  It  is  pointed  out  that  one  would  like  to  know  the  rela¬ 
tionship  between  impact  velocity  and  mortality,  the  threshold 
of  mortality,  and  the  threshold  for  tolerable  trauma,  all  as 
functions  of  the  different  arena  of  the  body  that  may  come  in 
violent  contact  with  hard  surfaces. 

1.  The  minimum  impact  velocity  for  skull  fracture 
was  near  1 J.  5  ft,  / sec.  which  corresponds  to  an  impact  en  ¬ 
ergy  of  400  in.  -lbs  However,  for  impact  with  a  %-degrse 
sharp  corner,  It  may  require  only  60  in.  -ibe.  of  energy  to 
produce  skull  fracture.  These  values  pertain  only  to  the  head 
striking  s  surface  without  the  head  absorbing  ay  energy  due 
to  motion  of  the  remainder  of  the  body  and  not  to  the  case 

of  an  individual  travelling  horizontally  and  undergoing  a 
head-on  impact.  The  authoie  conclude  that  an  impact  vel¬ 
ocity  with  a  hard.  Hat  surface  of  13  ft.  /esc,  should  prove  to 
he  an  acceptable  impact  velocity  for  the  head  of  adult  man. 

2.  The  “initial  velocity”  threshold  tor  fracture  of  the 


heel  bone  of  standing  subjects  (knees  locked)  was  between  11 
and  lb  ft.  / sec.  The  maximum  impact  velocity  tolerated  by 
human  subjects,  dropped  in  a  seated  position,  was  reported  to 
be  about  10  ft.  /sec. 

3.  Human  fatalities  in  automobile  statistics  showed  SO 
percent  mortality  at  vehicular  speeds  near  33.  8  ft.  /sec.  which 
is  in  fair  agreement  with  the  50  percent  impact  velocity  (28 
ft.  /sec.)  obtained  in  the  study  as  extrapolated  from  animal 
tests. 


Based  on  the  data  discussed  in  the  report,  the  authoie 
conclude  that  one  can  tentatively  take  10  ft. /sec.  as  1 an-on- 
the  *average  safe  1  impact  velocity  for  adult  humans  and  regard 
the  probabilities  of  serious  injury  and  even  fatality  for  man  to 
increase  progressively  as  the  impact  velocity  is  elevated 
above  this  figure. 


Nummary  of  Reference  A.  11 


This  report  represents  a  selective  summary  of  the  cur¬ 
rent  status  of  knowledge  regarding  biological  effects  of  blast. 
Primary,  secondary,  and  tertiary  effecte  are  defined.  For 
the  latter  effect,  which  is  of  primary  concern  in  a  ground- 
shock  environment,  the  following  conclusions  were  made: 

“It  is  possible  to  regard  the  figure  of  13  ft.  /sec.  as 
•  safe1  and  to  believe  tentatively  at  least,  that  human  injury 
may  occur  at  velocities  much  above  this,  that  mortality  may, 
on  the  average,  become  significantly  frequent  for  'uncoordin¬ 
ated*  impact  at  velocities  between  IS  and  20  ft.  / sec. ,  fairly 
common  between  20  and  30  ft.  / sec. ,  and  near  130  perceti 
fatal  between  30  and  40  ft.  /tee. ,  providing  impact  occurs 
with  a  hard  surface  where  stopping  distance  is  quite  small  and 
the  stopping  time  Is  almost  instantaneous.  “ 

These  conclusions  ware  based  on  the  data  described  (n 
the  earlier  TepOrl  of  Reference  A.  10,  it  was  also  pointed  out 
in  this  report  that,  “though  an  animal  or  man  bodily  hurled 
through  the  air  may  be  damaged  beet-use  of  differential  dis¬ 
placement  of  different  portions  of  the  body  during  the  general 
process  of  acceleration  it  is  known  that  the  decelerito**  ex¬ 
perience  of  stopping  can  be  far  >nor«  danger  *u*.  It  ia  clear 
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that  the  character  of  the  decelerating  surface,  the  angle  and 
area  of  the  body  involved  at  impact,  the  impact  velocity,  and 
the  decelerating  time  and  distance  are  each  critical  factors. 
Most  hasardous  of  all  (with  certain  rare  exceptions)  is,  in  all 
probability,  uncoordinated  impact  against  a  very  hard  surface. *' 

f.  Summary  of  Reference  A.  12 

This  report  is  concerned  with  primary  blast  effects 
caused  by  variations  in  environmental  pressure,  secondary 
blast  injuries  which  follow  the  impact  of  penetrating  and  un- 
penetrating  missiles  energised  by  blast  winds,  and  tertiary 
blast  effects  as  a  consequence  of  physical  displacement  of  a 
biological  target.  Tertiary  effects  are  of  concern  in  the 
shock  isolation  problem.  As  tentative  criteria,  displace* 
ments  involving  velocities  of  13  ft.  /sec.  due  to  decelerative 
impact  for  a  ISO-lb.  man  were  considered  low  enough  to 
avoid  significant  numbers  of  serious  head  and  skeletal  injuries. 
It  is  seen  that  the  tolerance  of  10  ft.  /sec. ,  as  recommended 
in  the  later  reports  of  References  A.  10  and  A.  11.  was  also 
considered  in  this  earlier  report. 

g.  Summary  of  Reference  A.  I } 

Human  injury  induced  by  motion  is  a  complex  phen¬ 
omenon,  depending  upon  attitude  of  the  person  (1.  e. ,  sitting, 
standing,  lying  down)  and  the  direction  and  character  of  mo¬ 
tion.  For  example.  In  the  case  of  a  standing  person  with  a 
locked  knee,  if  die  ground  motion  is  initially  upward,  tha  heel 
hone  may  he  broken  if  the  initial  relative  velocity  of  loot  and 
supporting  surface  is  greater  than  I)  ft  / sec.  No  fractures 
can  be  expected  at  relative  velocities  below  11  ft  /sec.  Th*.»  i 
estimates  are  based  on  drop  axperimenta  on  living  persons. 

If  the  ground  motions  are  initially  downward  al  accel¬ 
erations  in  excess  of  one  g. ,  separation  enow  s  and  the  rela¬ 
tive  motion  of  the  person  and  the  moving  support  must  be 
studied  as  a  function  of  time. 

Drop  experiments  on  skulls  from  cadavers  indicate 
that  skull  fracture  can  be  expected  if  relative  velocity  at  con¬ 
tact  of  skull  to  a  hard  surface,  such  as  concrete,  is  18  ft.  / 
esc.  or  more,  and  serious  damage  to  the  brain  can  be 


expected  if  relative  velocity  at  contact  ie  IS  ft.  /aec.  or  more. 


The  above  statements  were  made  regarding  shock  in* 
jury  Ci  iter ia  for  personnel  in  hardened  protective  structures. 

h.  Summary  of  Reference  A.  14 

Men  and  dummies  were  exposed  to  deck  motions  on  the 
USS  Fullam  (DD  474)  when  large  explosive  charges  were  de* 
tonated  under  water.  The  center  of  gravity  displacements 
were  measured  when  the  subjects  were  sealed,  standing  stiff 
legged,  or  standing  with  knees  bent  A  comparison  of  the 
motions  of  die  men  and  dummies  is  made,  and  the  relation  of 
the  response  to  the  deck  motion  is  examined.  Only  motions 
in  the  vertical  direction  are  considered.  In  he  report  the 
following  general  conclusions  were  made  with  regard  to  the 
relationship  between  vertical  shock  and  ahipboar  1  Injury: 

1.  The  stiff *legged  subject  is  most  vulnerable  to  the 
acceleration  and  deceleration  phases  of  Ac  ship  shock  mo¬ 
tions.  There  were  indications  of  some  discomfort  for  this 
stance  at  an  acceleration  as  low  as  15  g.  sustained  for  5 
msec,  (peak  velocity  of  4. 0  ft.  /sec. )  at  which  time  As  tests 
for  this  position  were  discontinued.  The  kickoff  velocity  was 
equal  to  that  of  the  maximum  deck  velocity. 

2.  A  subject  seated  in  a  hard  wooden  chair  might  be 
somewhat  less  vulnerable  to  direct  shock  than  the  stilf- 
legged  subject.  No  discomfort  was  experienced  by  Ae  seated 
man  exposed  to  15  g.  for  I  msec,  (peak  velocity  of  4.0  ft  / 
sec. )  at  which  time  Ae  tests  for  this  position  were  discon¬ 
tinued.  The  kickoff  velocity  is  about  equal  to  that  of  the  max¬ 
imum  deck  velocity  as  for  the  stiff-legged  stones.  It  Is 
probable  that  Ae  shock  was  attenuated  by  Ae  chair  Itself. 

).  A  man  standing  wiA  bent  knees  seems  capable  of 
tolerating  a  considerably  larger  acceleration  than  do  subjects 
in  either  of  Ae  other  two  positional  specifically,  no  discom¬ 
fort  was  experienced  during  an  exposure  of  over  50  g.  for  I 
msec,  (peak  velocity  of  t  ft.  /sec. ).  The  man's  center  of 
gravity  attaint  a  velocity  of  about  5  to  i  0  percent  of  Ae 
maximum  deck  velocity. 
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4.  During  an  underwater  explosion,  a  stiff-legged 
man  or  a  seated  man  at  a  deck  position  for  which  the  maxi¬ 
mum  velocity  is  about  8  ft.  /  sec.  will  experience  a  vertical 
displacement  of  about  1  ft.  In  areas  in  which  the  deck  veloc¬ 
ity  is  greater,  seme  injuries  may  occur. 

5.  The  particular  type  of  dummy  used  in  the  tests 
simulated  the  center  of  gravity  motions  of  a  stiff-legged  man 
and,  possibly,  of  a  seated  man.  In  its  present  form,  the 
dummy  does  not  simulate  the  motions  of  a  man  standing  with 
bent  knees. 

The  duration  of  the  accelerations  which  corresponds 
to  the  rise  time  to  the  peak  velocity  may  be  of  the  order  of 
magnitude  occurring  during  ground  shock.  However,  in  the 
case  of  deck  motion,  the  deceleration  phase  is  in  tne  order  of 
50  msec,  whereas  in  the  case  of  ground  shock  th.se  durations 
are  considerably  longer,  in  the  order  of  a  second  or  seconds. 
The  significance  of  those  differences  are  presented  in  the  dis¬ 
cussion  section. 

Data  from  other  researchers  were  also  included  in 
this  report  Men  with  bent  knees  on  the  deck  of  the  YMS 
lit  were  subjected  to  accelerations  as  high  as  95  g.  for  5,8 
msec,  (peak  velocity  of  11. 5  ft  /see.  1  without  injury.  In 
drop  tests,  a  stiff -legged  man  experienced  as  much  as  65  g. 
for  4  msec,  (impact  velocity  of  8. 4  ft  / sec. )  without  injury, 
and  a  man  with  bent  knees  was  subjected  to  220  g.  for  5 
msec,  (peak  velocity  of  21  ft  / sec. }  without  injury.  A  seated 
man  was  exposed  to  as  much  as  95  g.  for  1  msec,  (peak  vel¬ 
ocity  of  9. 2  ft  / sec, )  without  Injury,  ‘'although  wthers  claim 
that  this  is  in  the  injury  region". 

1.  Summary  of  Reference  A,  15 

Personnel  injuries  resulting  from  the  wartime  eaptos- 
ion  of  a  wooden -hull  minesweeper,  YMS  568,  are  correlated 
with  estimated  deck  motions. 

The  positions  of  tbs  personae!  at  foe  time  of  foe  ex¬ 
plosion  were  summarised  from  questionnaire  format  foe  ex¬ 
tent  of  the  injuries  was  taken  from  medical  records,  The 
attack  geometry  was  estimated  from  documents  describing 
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tha  damage  to  the  hull  and  equipment  of  the  minesweeper,  and 
the  deck  motions  were  deduced  from  the  attack  geometry. 

The  following  conclusions  were  made: 

L.  Director  primary  injury  due  to  the  initial  accel¬ 
eration  phase  of  deck  motion, can  occur  among  unprepared 
standing  personnel  when  the  deck  accelerations  are  about 
50  g'.  for  about  6.  5  msec,  (peak  velocity  of  11.  5  ft.  /sec. ). 

2.  Secondary  or  collision  impact  injuries  associated 
with  the  deceleration  phase  of  ship  motion  can  occur  among 
unprepared  personnel  when  the  deck  velocities  are  about 
15  ft.  /sec. 

It  is  explained  that  there  are  two  major  phases  to 
deck-velocity  curves.  The  first  is  the  initial  sharp  rise  to 
the  peak  velocity  indicating  the  acceleration  phase.  After 
the  peak  is  reached,  the  velocity  tends  to  decrease;  t.  e.  , 
there  is  deceleration.  The  duration  of  the  deceleration 
phase  varies.  During  the  acceleration  phase  a  man  is  vulner¬ 
able  to  injuries  to  internal  organs  and  bones,  especially  if 
he  is  standing  stiff-legged  or  is  seated.  Previous  research¬ 
ers  have  accepted  as  important  parameters  for  this  type  of 
injury,  the  duration  and  intensity  of  initial  acceleration  ex¬ 
pressed  as  a  step  pulse. 

During  the  deceleration  phase  men  can  leave  the  deck 
In  free  flight  which  may  end  in  collision  injury,  mostly  to 
the  head  or  upper  body  region.  Such  injuries  have  also  been 
reported  by  others.  At  this  point  it  is  appropriat#  to  define 
injury  as  it  psrtalns  to  this  study.  The  main  concern  here 
is  to  establish  criteria  permitting  predictions  of  ship  capa¬ 
bility  impairment  due  to  loss  of  personnel.  From  this  point 
of  view,  an  injury  can  be  defined  as  a  mechanically  produced 
trauma  which  results  in  the  suspension  of  a  man's  capability 
for  effective  performance  of  his  assigned  duties. 

It  was  found  that  only  two  subjects  were  injured  by  the 
direct  impact  acceleration.  These  men  were  standing  on  onu 
leg  and  suffered  broken  heel  or  ank«e  bones.  Indications 
are,  from  these  data,  that  a  level  of  50  g.  sustained  for 
6.  5  msec,  can  cause  primary  injury. 
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The  remaining  injuries  were  of  a  secondary  nature, 
probably  caused  by  collision  impact.  It  has  been  shown  that 
men  standing  stiff-legged  and  men  in  a  seated  position  on  an 
uncushioned  chair  will  leave  the  deck  during  the  deceleration 
phase  with  a  velocity  which  is  roughly  that  of  the  peak  deck 
velocity. 

It  should  be  noted  that  these  injury  levels  are  assoc¬ 
iated  with  a  ship  where  there  was  no  advance  warning  of  im¬ 
minent  attack.  As  a  result,  men  were  in  random  positions, 
that  is.  lounging,  relaxed,  or  attending  to  various  duties. 

In  no  cases  was  a  man  tense,  crouching,  or  holding  on  to  a 
stable  structure  for  balance  as  he  might  have  been  if  advance 
warning  had  been  received. 

j .  Summary  of  Refe fence  A.  16 

Thia  report  discusses  available  information  regarding 
solid  blast  injuries  that  are  typica1  as  a  result  of  deck  heave, 
i.  e. .  shipboard  explosions. 

It  it  staged  that  the  movement  of  ship's  structures  may 
be  dtvidud  into  two  typas  as  related  to  personnel  injuries: 

1.  A  movement  of  eonsiderabls  amplitude  having  a 
high  initial  acceleration  for  a  short  distance  and  capable  of 
causing  both  direct  injuries  such  as  fractures  of  the  lower 
extremities,  and  indirect  injuries,  such  as  in  2. 

2.  A  lower  acceleration  for  a  greater  distance  reach* 
ing  a  commensurate  amplitude  as  in  I,  and  causing  only  in¬ 
direct  injuries  by  displacing  bodies,  thus  causing  bodily  in- 
juris*  upon  impact  with  other  objects. 

The  phenomenon  described  in  (i)  i*  essentially  a  se¬ 
vere  jclt  in  relation  to  the  human  system  whereas  that  in  ( 2 ). 
which  involves  stover  initial  body  movements.  Is  often  re¬ 
ferred  to  as  a  "whipping  action",  although  any  indirect  injur¬ 
ies  may  be  the  result  of  se  vs  re  jolts. 

It  was  concluded  that  the  forces  which  produce  direct 
solid  blast  injuries  are  of  very  short  duration  (I  to  2  msec.) 
producing  stresses  exceeding  the  strength  of  hones  and  tissues. 
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In  a  laboratory  test  of  cadavers,  a  velocity  of  12  ft.  / 
sec.  was  reached  in  1.  3  msec,  without  protective  shoes  caus¬ 
ing  fractures  of  some  cadavers  while  those  with  protective 
shoes  received  no  injury. 

Live  personnel  were  subjected  to  an  impact  of  2.6  ft.  / 
sec.  in  normal  standing  position  with  regulation  shoes  and  to 
5  ft.  / sec.  while  standing  on  their  toes.  Although  these  levels 
were  not  necessarily  the  threshold  of  injury,  the  tests  were  not 
carried  beyond  these  velocities  as  a  safety  precaution. 

The  report  presents  results  of  a  study  of  solid  blast 
with  regard  to  protective  shoes  and  mats  as  summarised  be¬ 
low: 

1.  Protective  shoes  and  mats  will  protect  standing 
personnel  against  direct  solid  blast  up  to  a  choc!,  velocity  of 
20  f.p.  s.  However,  the  danger  of  indirect  injury  is  still  pre¬ 
sent. 

2.  Human  volunteers  with  and  without  anti -blast  shoes 
and  mats,  were  used  in  the  teste  on  wooden-hull  vessels.  Un¬ 
derwater  explosions  occurred  in  the  vicinity  of  the  vessel. 

3.  The  volunteers  were  standing  on  an  open  deck  and 
therefore  not  subject  to  indirect  effects),  and  damage  which 
would  have  occurred  to  personnel  in  other  than  the  standing 
position  cannot  be  deduced  from  the  results 

4.  Fsw  quantitative  results.  The  volunteers  on  the 
mats  felt  less  shock  than  did  the  control  volunteers. 

k.  S.u-unary  of  Reference  A.  1 7 

Octave,  s  were  supported  in  a  standing  position  on  a 
steel  platform  and  exposed  to  an  impact  produced  by  a  steel 
hammer  striking  the  platform  from  below.  The  tests  were 
d  eeignod  to  simulate  the  movement  of  ship  structurss  whon 
s  ubjccted  to  solid  blast  offsets,  to  study  the  mechanism  of 
personnel  injury,  and  to  evaluate  protective  devices. 

It  is  shown  that  the  forces  effective  in  producing  solid - 
blast  injuries  are  of  very  short  duration  (1-2  msec.)  producing 


extremely  high  accelerations  (200-800  g.  ),  peak  velocities  of 
about  12  ft.  /sec. ,  and  displacements  of  less  than  2  inches.  It 
is  further  shown  that  protection  against  these  forces  may  be 
afforded  by  devices  which  lower  to  a  point  within  the  limits  of 
tissue  tolerance,  the  average  and  peak  accelerations  of  the 
part  of  the  body  subjected  to  solid  blast. 

No  conclusions  or  tentative  recommendations  are  given 
for  man's  tolerance  to  this  type  of  jolt,  although  the  stated 
impact  velocity  of  12  ft. /sec.  necessary  to  produce  injuries 
is  consistent  with  observations  by  other  authors.  With  pro¬ 
tective  shoes,  however,  a  velocity  of  12  ft. /sec.  seems  to  be 
tolerable  without  causing  injury. 

1.  Summary  of  Reference  A.  18 

This  paper  discusses  the  acceleration  forces,  produced 
by  both  the  ground-pressure  wave  and  the  air-blast  induced 
earth  shock,  acting  on  and  within  underground  shelters  and 
t  rans  mitted  to  the  personnel  therein  and  the  acceptable  limits 
or  tolerances  that  personnel  can  withstand  with  regard  to 
these  forces. 

It  is  pointed  out  that  the  acceleration  forces  experiencsd 
by  personnel  in  shelters  are  of  an  oscillatory  nature  and  of 
rather  short  duration  (on  the  order  of  10  to  100  msec.),  and 
that  information  on  human  tolerances  lias  been  obtained  only 
for  situations  approximating  that  of  personnel  in  plane  cata¬ 
pults  and  crashes,  parachute  openings  and  landings,  and  pilot 
ejections  where  the  acceleration*  are  relatively  constant  (with 
the  exception  of  relatively  slow  build-up  and  decay!  and  of 
relatively  long  durations  (on  the  erder  of  seconds).  It  is 
stated,  therefore,  that  it  is  necessary  to  eorreUte  the  exper¬ 
imental  data  for  relatively  constant,  prolonged  accelerations 
with  the  situation  as  it  exists  in  shelters.  It  '•  concluded 
that  prolonged  accelerations  impose  a  more  severe  loading 
condition  on  the  body  and  application  of  the  tolerances  for 
these  accelerations  In  connection  with  the  ground -shock  en¬ 
vironment  would  probably  be  conservative. 

It  is  contended  that  authorities  are  not  in  agreement  as 
to  the  significance  of  a  Jolt,  that  is,  the  rate  of  change  of  ac¬ 
celeration  with  time.  Some  references  indicate  that,  as  the 
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jolt  increases,  there  is  an  increase  in  the  level  of  accelera¬ 
tion  that  the  human  body  can  withstand  corresponding  to  a 
particular  type  of  injury,  although  this  seems  surprising  in 
general.  Nevertheless,  no  conclusions  are  drawn  for  the 
relatively  rapidly  applied  loads  of  short  durations  that  may  be 
experienced  by  personnel  in  shelters.  Moreover,  the  paper 
does  not  discuss  available  literature  on  drop  tests  and  ship¬ 
board  explosions  where  some  quantitative  information  on  the 
effect  and  significance  of  sudden  jolts  is  presented. 

A  general  discussion  is  given  on  soil-structure  and 
personnel -structure  interaction,  and  recommendations  for 
tests  are  listed.  The  tests,  it  is  stated,  should  be  designed 
to  investigate  two  prime  items:  that  of  accelerations  exper¬ 
ienced  and  that  of  the  tolerance  to  such  accelerations.  No 
tolerance  criteria  are  presented  in  this  report. 

m.  Summary  of  Reference  A.  19 

In  this  report,  literature  is  surveyed  to  determine 
human  tolerance  to  rapidly  applied  accelerations.  Pertinent 
human  and  animal  experiments  applicable  to  space  flight  and 
to  crash  impact  forces  are  analysed  and  discussed.  These 
data  are  compared  and  presented  on  the  basis  of  a  trapesoidal 
pulse.  The  effects  of  body  rsstraint  and  of  acceleration  dir¬ 
ection,  onset  rate,  and  plateau  duration  on  the  maximum  tol¬ 
erable  and  survivable  rapidly  applied  accelerations  are  shown. 

It  was  found  that,  by  use  of  proper  restraints  with 
straps,  etc.  •  tolerable  values  are  considerably  increased. 

For  the  trapesoidal  pulse  the  tolerable  magnitude  decreases 
as  plateau  duration  increases,  and  the  tolerable  magnit  >«*e 
also  decreases  as  the  onset  rate  increases. 

Curves  ars  given  indicating  injury  levels  and  voluntary 
human  -exposure  levels  from  various  test  of  humans  and  ani¬ 
mals  strapped  to  padded  seats  and  subjected  to  the  trapesoidal 
acceleration  pulse.  The  points  on  the  curves  are  plotted  for 
acceleration  versus  plateau  duration  and  acceleration  versus 
onset  rate.  The  onset  rate  would  correspond  to  the  jolt  or 
derivature  of  acceleration.  For  the  ground  shock  environment 
the  intensity  of  the  jolt  would  not  be  welt  known:  however, 
consideration  of  pulse  duration  versus  acceleration  level  may 


have  application  in  regard  to  a  short  duration  acceleration 
pulse  under  ground  shock.  The  data  indicate  that  for  extreme¬ 
ly  short  durations  (less  than  10  msec. )  the  product  of  acceler¬ 
ation  times  time  would  be  of  the  same  order  of  magnitude;  in 
other  words,  the  tolerance  could  be  related  approximately  to  a 
peak  impact  velocity.  However,  for  longer  duration  pulses 
the  tolerable  product  increases;  in  other  words,  the  tolerable 
peak  velocity  increases.  This  indicates  that  the  use  of  a  peak 
impact  velocity  as  discussed  in  the  summaries  for  previous 
references  would  be  conservative  for  the  longer  rise  times. 

n.  Summary  of  Reference  A.  20 

It  is  explained  that,  based  on  vibration  and  accelera¬ 
tion  pulse  tests  on  humans  (not  for  ground-shock  environ¬ 
ment),  the  following  criteria  have  been  established  for  person¬ 
nel  areas  of  Air  Force  weapon  systems. 

Weapon  System 


Atlas  Silo 

Atlas  Control  Center 


Titan  U  (Criteria) 

(Initial  Design) 

(Revision) 

Minuteman  (Criteria) 

(Design) 

In  all  cases,  the  natural  frequencies  associated  with 
the  above  personnel  support  systems  are  less  than  one  cycle 
per  second.  The  mods  of  fsllure  in  all  cases  is  based  on 
impairment  of  operational  capability  of  all  personnel,  some 
of  whom  may  be  standing  unsupported  and  may  be  unprepared. 
The  downward  trend  to  peak  accelerations  bells ved  to  be  nec¬ 
essary  to  achieve  the  deelred  protection  is  clearly  Indicated 


Maximum  Acceleration  in 


Personnel  Areas,  g. 

Vertical 

Horisontal 

1.5 

0.125 

". . .  mounted  to  reduce  ground 
shock  without  Impairing  op¬ 
erational  ability" 

3.0 

3.0 

2.4 

0.5 

0.5 

0.5 

1.0  (down) 
3.0  (up) 

1.0 

0.5 

0.15 
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by  the  differences  between  those  specified  by  early  design 
criteria  and  those  used  in  the  final  design  of  the  Titan  II  and 
Minuteman  facilities. 


It  should  be  noted  that  all  the  suspension  systems  in¬ 
dicated  are  pendular  and  that  the  maximum  horisontal  acceler¬ 
ation  is  fixed  more  by  the  practical  aspects  of  the  pendulum  de¬ 
sign  than  by  a  human  shock  tolerance. 

Human  shock  tolerance  is  defined  broadly  as  the  level 
of  shock  which  a  person  may  withstand  without  impairing  his 
ability  to  perform  essential  duties.  In  some  cases»  the 
critical  level  of  shock  may  be  that  which  produces  injury  dir¬ 
ectly,  and  in  others  that  which  causes  the  man  to  fall  down, 
indirectly  exposing  him  to  injury.  Implicit  in  the  shock  tol¬ 
erance,  then,  is  the  "mode -of -failure". 

The  following  tolerances  are  suggested  as  tentative 
guidelines  for  design  and  it  is  pointed  out  that  the  entire  prob¬ 
lem  of  protection  for  personnel  must  be  considered  from  the 
viewpoints  of  facility  mission,  shock  environment,  and 
modes  of  failure. 


Maximum  Acceleration  (c. ) 

Seated  and 

Standing  With 

Direction 

Well -Restrained 

out  Support 

Vertical 

1.75 

0. 75 

Radial 

1.75 

0.50 
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SECTION  A-5 


SHOCK  TOLERANCES  FOR  EQUIPMENT  AND 
OTHER  INTERIOR  COMPONENTS 


A-5. 1  Discussion  and  Evaluation 


a.  General 


Available  literature  on  shock  tolerances,  fragility  lev¬ 
els,  and  shock  vulnerability  data  for  equipment,  hardware, 
and  other  interior  components  likely  to  be  housed  in  hardened 
civil  defense  shelters  is  reviewed  and  discussed  relevant  to 
the  effects  of  ground  shock,  and  conclusions  are  drawn  which 
serve  as  a  basis  for  the  design  of  shock  isolation  schemes. 

In  order  to  provide  necessary  shock  protection  of  me¬ 
chanical  and  electrical  equipment  and  other  components  housed 
within  a  protective  shelter  subjected  to  a  transient  ground 
shock  environment,  it  is  necessary  that  the  shock  tolerance 
of  these  Items  be  known.  With  this  Information,  the  required 
degree  of  shock  isolation  may  be  established.  This  requires 
that  the  peak  acceleration  from  the  ground  shock  environ¬ 
ment  to  which  the  various  equipment  items  and  other  interior 
components  are  exposed,  be  less  than  or  equal  to  the  toler¬ 
able  accelerations.  For  Unear,  single -degree -of -freedom 
systems,  the  peak  responses  may  be  obtained  from  the  struc¬ 
tural  shuck  response  spectra.  For  more  compUcated  sys¬ 
tems,  such  as  non-linear,  discontinuous,  distributed  mass 
and/or  two  or  more  degree -of -freedom  systems,  the  peak 
responses  may  be  obtained  by  employing  a  Ume  history  01  ua 
structure  motion  by  using  a  synthesised  velocity  or  dis¬ 
placement  pulse  correeponding  to  the  time  history  of  the  struc¬ 
ture  motions  at  a  forcing  function.  For  linear,  but  two  or 
more  degree  -oi  -freedom  systems,  an  approximate,  although 
conservative  estimate  of  the  peak  responses  may  be  obtained 
by  the  method  of  "normal  modes",  which  makes  use  of  the 
shock  spectra.  In  many  cases  complicated  systems  may  be 
slmpUfled  in  order  to  apply  the  response  spectra. 

The  types  of  equipment  items  and  their  functional  re¬ 
quirements  for  a  hardened  civil  defense  shelter  will  depend  to 
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some  extent  on  the  requirements  established  for  the  particular  ♦ 

shelter,  i.  e.,  function  of  the  shelter  (personnel  shelter,  con¬ 
trol  or  communications  centers,  etc. ),  the  required  level  of 
protection,  the  time  interval  on  which  occupancy  should  be  9 

based,  the  required  capacity  (family  or  community  shelter,  ‘ 

etc. ),  and  other  factors.  The  normal  peacetime  function  for 
dual-purpose  structures  will  also  be  a  factor.  The  basic 
types  of  equipment  likely  to  be  housed  would  include  heating, 
ventilating,  air  conditioning!  water  supply,  sanitation,  and 
electric  equipment,  including  emergency  power  supply  equip¬ 
ment  as  well  as  electronic  communications  equipment,  such 
as  a  radio  receiver  and  possibly  a  transmitter.  Blast  valves 
are  also  likely  to  be  installed.  A  breakdown  of  the  various 
items  is  tabulated  below. 

Mechanical 


Fans  and  Blowers 
Air  Conditioning  Units 
Oust  Collectors 
CBR  Filters 
Blast  Valves 
Prime  Movers 
Silencers 
Heat  Exchangers 
Controls 

Storage  Tanks  (Water,  Fuel,  or  Air) 

Oil  Purifiers 

Air  Compressors 

Refrigeration  Compressors 

Air  Preheaters 

Sinks 

Water  Closets 

Urinals 

Showers 

Sewage  Disposal  Systems 

Pectrical 

Generators 
Battery  Charges 
Battery  Lanterns 
Transfer  Switches 
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Batteries 

Motor  Starters  and  Motors 
Panel  Boards 

Lights  and  Lighting  Fixtures 
Clocks 

Alarm  Systems 
Switches  and  Receptacles 
Relays 

Communications 

Intercom  Systems  (Telephones) 

Radio  Receivers 

Possibly  a  Radio  Transmitter 

Antennas 

Miscellaneous  and  Other  Components 

Partition  Walls 

Furniture  and  Supply  Cabinets 

Conduits  and  Wiring 

Pipes,  Fittings,  Valves,  Hangers,  Anchors 
Mounting  Brackets  and  Hold-down  Bolts 
Ducts 
Diffusors 

Dishwashers,  Wishing  Machines  and  Driers 
Cooking  Equipment 
Refrigerators 
Water  Coolers 

As  listed  above,  civil  defense  anelter  equipment  iteme 
may  range  from  relatively  heavy  and  rugged  component 
such  as  motors,  fans,  blowers,  pumps  and  generators  to 
relatively  small  end  fragile  items,  such  as  electronic  tubes, 
lights,  clocks,  alarm  systems,  relays,  fuses,  etc.  The 
latter  are  generally  sensitive  items,  havit  g  lower  tolerance 
levels  and  requiring  fine  adjustments  which  must  not  be  ex¬ 
cessively  disturbed. 

Equipment  failures  may  be  oroadly  divided  Into  two 
classes:  temporary  and  permanent  failures.  Temporary 
failures,  often  called  "malfunctions",  are  characterised  by 
temporary  disruption  of  normal  operation  when  a  shock  or 
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vibration  is  applied.  For  some  cases,  subsequent  adjust¬ 
ments  may  be  required  for  restoration  of  service.  Perman¬ 
ent  failures  are  characterized  by  breakage,  resulting  in  dam¬ 
age  so  severe  that  the  ability  of  the  equipment  to  perform  its 
intended  function  is  impaired  permanently. 

The  capability  of  an  equipment  item  to  withstand  shock 
and  vibration  is  conventionally  stated  in  terms  cl  its  "fragility 
level".  "Fragility  level"  is  defined  as  the  magnitude  of  shock, 
generally  expressed  in  g.  's  of  acceleration,  which  the  equip¬ 
ment  can  tolerate  and  remain  operational;  in  other  words,  a 
permissible  g.  level  (where  one  g.  is  equivalent  to  an  ap¬ 
plied  force  equal  to  the  weight  of  the  equipment)  at  which  the 
equipment  will  not  malfunction  or  be  damaged.  Fragility 
data  for  a  particular  equipment  item  are  dependent  upon  its 
physical  characteristics,  that  is,  the  strength  of  the  item 
(frame,  housint,  and  components),  and  to  some  extent  the 
nature  of  the  excitation  to  which  it  is  subjected.  For  exam¬ 
ple,  an  equipment  item  may  sustain  a  single  peak  accelera¬ 
tion  due  to  a  transient  ground  shock  disturbance,  but  may 
fail  under  a  vibratory -type  input  having  the  same  peak  ac¬ 
celeration  amplitude.  This  effect  arises  from  the  fact  that 
the  fragility  level  for  a  piece  of  equipment  is  actually  a  tol¬ 
erable  peak  acceleration  of  the  equipment  frame  under  a  par¬ 
ticular  shock  test  (tolerable  in  the  sense  that  the  equipment 
frame,  housing,  and  components  were  not  damaged  or  dis¬ 
rupted).  However,  under  a  different  shock  input  resulting  in 
the  same  peak  acceleration  of  the  equipment  as  a  whole,  com¬ 
ponents  of  ths  equipment  may  have  responded  differently.  For 
this  reason,  fragility  data  should  be  considered  in  conjunc¬ 
tion  with  such  factors  as  the  natural  frequencies  and  damping 
characteristics  of  the  equipment  components,  compared  tn  «he 
excitation  frequency  to  avoid  possible  resonance,  and  ths  .u»t 
input  used  to  determine  the  tolerance  as  compared  to  the  prob¬ 
able  ground  shock  input. 

Reference  A.  21  points  out  that  equipments  that  are 
capable  nf  sustaining  a  fair  amount  of  shock  and  vibration 
generally  consist  of  a  housing  or  chassis  to  provide  structur¬ 
al  strength  and  an  array  of  functional  components  supported 
by  the  chassis.  There  must  also  be  s  proper  balance  between 
flexibility  and  rigidity.  For  a  particular  shock  motion,  the 
maximum  acceleration  experienced  by  an  equipment  component 
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is  dependent  primarily  upon  the  natural  frequency  of  the 
mounted  equipment.  The  acceleration  response  of  the  system 
decreases  as  its  natural  frequency  decreases.  Therefore, 
components  that  are  susceptible  to  damage  from  shock  may  be 
given  a  degree  of  protection  by  mounting  them  on  relatively 
flexible  structures,  that  is,  by  isolating  them.  However, 
this  shock  isolation  may  result  in  a  vibratory  motion  follow¬ 
ing  the  shock  input  as  a  consequence  of  the  flexibility  intro¬ 
duced  to  attenuate  the  shock  and  may  lead  to  stress  amplifi¬ 
cations  of  the  equipment  components  as  a  result  of  this  vibra¬ 
tion.  Compilations  of  damage  experience  (Reference  A.  21) 
show  that  failure  of  principal  structures  and  mounting  brack¬ 
ets  is  the  most  common  form  of  damage.  During  shock, 
structures  may  not  have  sufficient  strength  to  withstand  the 
forces  that  are  applied;  during  vibration,  resonant  conditions 
may  develop,  and  the  relatively  undamped  structures  may  fail 
due  to  stress  amplifications. 

A  discussion  of  equipment  vulnerability  is  presented  in 
Reference  A.  22.  This  report  includes  a  pertinent  conclusion 
obtained  by  the  Navy  during  shock  and  vibration  testing  of 
shipboard  equipment,  namely,  an  item  of  equipment  well  de¬ 
signed  for  vibration  was  usually  very  good  for  shock,  whereas 
an  item  that  passed  shock  tests  satisfactorily  may  or  may  not 
have  been  capable  of  pasting  vibration  tests.  The  reason  for 
these  results  was  that  many  of  the  equipment  items  tested  were 
flexible  and  in  resonance  with  the  testing  frequences.  How¬ 
ever,  the  flexibility  was  usually  beneficial  for  shock  if  col¬ 
lision  (with  adjacent  objects)  did  not  occur.  It  is  stated  in 
Reference  A.  22  that,  "in  general,  the  vulnerability  of  equip¬ 
ment  to  shock  and  vibration  is  dependent  not  only  on  the  com¬ 
ponents  which  make  up  the  equipment  but  also  on  the  mo<  .ting 
of  these  components  in  the  piece  of  equipment  and  also  on  the 
mounting  of  the  equipment  itself  on  the  structure  or  element  to 
which  it  is  attached.  The  sensitivity  of  each  item  is  depen¬ 
dent  upon  the  overall  characteristics  of  the  entire  system,  and 
a  change  in  one  part  of  the  system  may  affect  the  shock  sen¬ 
sitivity  oi  alt  the  connected  parts.  For  example,  placing  a 
transformer  on  a  flexible  plate  mounting  may  change  the  char¬ 
acteristics  of  the  transformer  in  resisting  shock  as  well  as 
the  characteristics  of  control  equipment  mounted  on  the  trann- 
former.  Thus,  specifying  the  level  of  resistance  for  indlvid  • 
oat  items  may  not  be  sufficient.  Generally,  the  item  is  part 
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of  a  coordinated  system  which  must  remain  undamaged  to  per¬ 
form  its  mission  satisfactorily."  In  accordance  with  these 
comments,  the  fragility  level  or  peak  tolerable  acceleration 
response  for  the  equipment  as  a  whole  would  be  useful. 

With  regard  to  items  such  as  ducts,  pipes,  and  con¬ 
nections,  etc.,  it  would  appear  that  distortion  rather  than  ac¬ 
celeration  is  )(  most  importance,  and  that  the  basic  problem 
is  to  secure  them  adequately  and  provide  for  such  distortions. 
Reference  A.  22  points  out  that  in  long  structures  or  when  two 
elements  are  connected  together  and  are  attached  to  structures 
which  may  move  in  different  manual  s,  relative  motion  must 
he  considered  and  may  be  a  definite  source  of  vulnerability. 
Entrances  to  tunnels,  tunnels  connecting  structures,  piping 
and  shafts,  and  connsctions  to  mechanical  and  electrical  equip¬ 
ment  are  examples  of  items  which  should  be  examined  in  this 
connection,  according  to  this  reference. 

Reference  A.  1  presents  a  discussion  on  equipment 
vulnerability  relevant  to  a  ground  ahock  environment  and 
points  out  that  it  is  not  sufficient  to  assets  vulnerability  In 
Urine  of  an  acceleration  only,  since  the  frequency  corres¬ 
ponding  to  this  limit  is  also  a  factor,  it  is  stated  in  this 
reference  that  in  general,  a  vulnerability  spectrum  can  be 
drawn  as  a  function  of  some  measure  of  frequency  and  that 
this  will  have  peaks  at  the  natura-  frequencies  of  the  piece  of 
equipment.  If  these  are  close  together,  possibly  a  uniform 
acceleration  vulnerability  may  be  postulated,  although  this 
probably  drops  down  for  low  frequency  inputs.  The  implica¬ 
tion  here  is  that  a  piece  of  equipment  will  be  more  vulnerable 
to  shock  if  it  is  mounted  or  isolated  at  one  of  its  natural  fre¬ 
quencies.  The  fact  that  equipment  vulnerability  is  general. 4 
lower  for  low  frequency  inputs  is  not  only  because  equipment 
fthoek  isolation  at  lower  frequencies  corresponds  to  tower 
response  accelerations,  but  it  Is  likely  that  the  natural  fre¬ 
quencies  of  the  equipment  components  would  t.  ,n  be  higher 
and  out  of  the  ran^e  of  the  Inpvt  frequency.  It  is  pointed  out 
in  ’Nference  A  I  that  one  need  not  generally  be  concerned 
with  inputs  having  a  frequency  Higher  than  about  I A  to  10 
c.p.  e.  for  vertical  motion,  except  near  columns,  and  about 
$  c.p.  s.  ,  even  for  the  highest  mode  of  lateral  motion,  for 
UirUonUl  motion.  These  values  are  based  on  natural  fre¬ 
quencies  of  structural  members  within  the  shelter,  ft  is 


apparent  that  a  certain  amount  of  shock  isolation  would  auto¬ 
matically  be  provided  by  the  supporting  structural  members. 

It  is  recommended  in  Reference  A.  1  that  equipment  frequen¬ 
cies  between  1/2  and  1  times  those  of  the  supporting  structural 
members  must  be  avoided,  or  provision  made  for  them  by 
considering  a  resonance  phenomenon  with  a  sustained  harmon¬ 
ic  input. 

Reference  A.  13  mentions  that,  in  general,  most  items 
of  equipment,  including  fairly  delicate  electronic  equipment, 
can  sustain  shocks  which  might  produce  accelerations  even 
on  the  order  of  as  much  as  5  g.  provided  that  the  frequency 
of  the  element  at  which  this  acceleration  is  experienced  is 
relatively  high,  on  the  order  of  50  to  100  c.p.  s.  A  five  g. 
acceleration  (or  an  element  having  a  low  frequency  would, 
however,  br  much  more  serious  and  would  produce  large  rel¬ 
ative  displacements.  Reference  A. 22  makes  the  same  state¬ 
ment.  Although  not  specifically  stated  in  References  A- 1 3 
and  A.  22,  the  implication  appears  to  be  that  a  peak  equip¬ 
ment  response  of  5  g.  due  to  ground  shock  would  generally 
require  isolation  at  frequencies  below  50  to  100  c.p.  s. 
thereby  avoiding  possible  amplifications  due  to  resonance 
with  the  equipment  components  having  frequenciea  in  the  range 
of  50  to  100  c.p.  a.  However,  if  the  equipment  frequencies 
are  lower  and  In  the  range  of  the  isolation  frsqusncy.  ampli¬ 
fication*  may  result  and  the  tolerable  peak  acceleration  of 
the  system  would  be  reduced. 

The  most  delicate  types  of  equipment  in  terms  of 
shock  resistance  are  reported  in  Reference  A.  22  as  follows: 

a.  Rotary  drums,  such  a*  magnetic  memories 

b.  Cathode  ray  display  tubes 

c>  Power  supply  units 

d.  Relays  i»  telephone  switching  circuits 

e.  Tape  units  and  core  storage  units 

It  is  ststvd  in  this  reference  that  items  fa)  and  (b)  may 
have  failur-.  under  operating  conditions  at  acceleration  level* 
a*  low  as  g.  and  items  such  as  {<),  (d),  and  le>  at  con¬ 
siderably  greater  accelerations,  "for  example  5  to  10  g.  "* 
Reference  A.  1 1  also  reports  on  items  (a),  (b).  and  fe|  and 
states  that  items  (a)  and  (b)  may  have  failures  at  acceleration 
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levels  as  low  as  1. 5  g. ,  and  items  such  as  (c)  at  only  slightly 
greater  accelerations  if  the  frequencies  correspond  to  reson¬ 
ance  with  the  natural  frequencies  of  the  equipment.  Critical 
accelerations  for  these  fragile  items  apparently  may  be  less 
than  the  5  g.  value. 

According  to  many  other  sources  of  information  in  the 
field,  general  tolerable  acceleration  values  applicable  for  most 
items  of  equipment  are  presented  as  abstracted  below.  In 
order  to  specify  a  safe  tolerance  value  which  covers  a  wide 
range  of  equipment,  these  values  would  appear  to  be  necessar¬ 
ily  conservative,  in  addition,  the  tolerance  values  for  many 
of  the  items  are  based  on  experience  rather  than  shock  tests. 
Actual  shock  tests  indicate  that  considerably  higher  acceler¬ 
ation  values  can  be  tolerated  by  certain  items  of  equipment. 

Reference  A.  i  states,  "It  is  not  clear  at  this  time 
whether  any  piece  of  equipment  is  in  fact  sensitive  to  less 
than  1.  5  g.  for  the  actual  type  of  motion  (ground  shock  mo¬ 
tion)  to  which  it  may  be  subjected". 

Reference  A.  23  infers  that  few,  if  any,  equipment 
items  isolated  to  within  one  g.  would  be  vulnerable  to  damage. 

Reference  A.  24  points  out  that,  during  shipment  by 
rail  or  truck,  most  equipment  sustains  a  shock  of  3  g.  or 
more  without  any  special  shock-resistant  packaging  and, 
therefore,  this  value  can  be  considered  as  a  safe  fragility 
value.  However,  if  special  precautions  are  required  to 
cushion  sensitive  components  during  shipping,  a  lower  fra¬ 
gility  level  must  be  assumed.  Fluorescent  lighting  fixture* 
(with  lamps)  have  been  tested  and  fragility  levels  found  to  r. . 
in  excess  of  2d  g. 

Reference  A.  25  describes  several  shock  tests  of 
fluorescent  fixtures  with  lamps  where  peak  tolerable  accel¬ 
erations  varying  between  29  and  32.  5  g.  were  recorded. 

As  discussed  at  a  meeting  with  the  Korfund  Dynamics 
Corporation  (Section  11-2),  they  consider  that  3  g,  for  gen¬ 
eral  mechanical  equipment  and  l  to  2  g.  for  fragile  electri¬ 
cal  and  electronic  equipment  arc  safe  tolerable  shock  values. 
The  values  art;  based  primarily  on  transportation  reqniruntnts. 
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According  to  Westinghouse  Corporation  (Reference 
A.  26),  most  of  their  commercial  (not  ruggedized)  apparatus 
(primarily  electrical)  will  withstand  up  to  5  g.  without  im¬ 
portant  structural  damage;  however,  it  is  pointed  out  that  a 
malfunction  may  result  at  this  value  or  even  at  a  lower  value. 
A  list  of  apparatus  certified  to  withstand  a  response  of  3  g. 

(not  tested)  is  presented.  Ruggedized  equipment  tested  indi¬ 
cated  that  most  such  equipment  would  tolerate  a  peak  acceler¬ 
ation  of  20  g.  and  greater. 

Westinghouse  Corporation  has  tested  electrical  equip¬ 
ment  used  in  the  TITAN  program  (Reference  A.  26).  Tolerable 
shock  levels  ranged  from  14  to  116  g.  with  the  majority  at 
about  20  g.  However,  in  seme  cases,  particular  items  were 
ruggedized  to  eliminate  weak  links  in  the  equipment  which 
otherwise  may  have  resulted  in  damage  or  malfunction  at 
considerably  lower  values.  This  illustrates  the  large  differ¬ 
ence  between  a  general  safe  toleranie  value,  oi  say  3  g.,  for  a 
wide  range  of  equipment  and  actual  values  for  particular  items 
(although  the  difference  is  partially  due  to  modifications). 

Reference  A.  2?  presents  recommended  ground  shock 
vulnerability  coordinates  (to  be  used  in  conjunction  with  the 
design  shock  spectra)  for  various  types  of  mechanical  and 
electrical  equipment.  The  coordinates  are  in  terms  of  the 
frequency  and  peak  acceleration  applicable  for  both  horizontal 
and  vertical  motion.  Values  are  given  for  shock  mounted 
and  nou-shock  mounted  items  and  are  based  on  moderate  dam¬ 
age.  Values  (or  severe  damage  are  also  given.  These  values 
given  in  the  summary  are  considerably  higher  than  the  gen¬ 
eral  tolerance  values  based  on  transportation  requirements. 

In  every  case,  the  shock-mounted  tolerance  is  higher  ihu< 
that  for  the  same  item  not  shock  mounted.  This  is  prcbably 
due  to  the  fact  that  the  non -shock  mounted  system  frequency 
may  be  closer  to  the  frequency  of  the  equipment  components 
thereby  lowering  the  tolerance  due  to  ampliucations. 

As  discussed  during  the  meeting  with  Space  Tochnoiog'* 
Laboratories  (Section  H -3),  it  is  felt  that  most  standard  equip¬ 
ment  of  the  type  likely  to  be  housed  in  civil  defense  shoU.ee* 
could  generally  sustain  shock  responses  in  the  order  of  S  to 
7  g.  without  laving  to  be  ruggedised. 


During  the  meeting  at  the  Air  Force  Special  Wea¬ 
pons  Center  (Section  11-5)  it  was  pointed  out  that  Reference 
A.  2u  presents  a  summary  of  test  results  for  equipment.  The 
test  environment  data  for  these  tests  are  generally  in  terms 
of  a  hammer  drop  distance  associated  with  an  impact  test. 

This  information  alone  is  not  sufficient  to  be  directly  related 
to  a  peak  tolerance  which  can  be  considered  in  conjunction 
with  ground  shock  response  spectrum.  However,  for  some  of 
the  shock  tests,  spectra  have  been  recorded  which  may  be 
comparable  to  the  ground  shock  spectra.  It  was  pointed  out 
that  there  is  a  lack  of  shock  test  data  on  commercial  grade 
equipment. 

As  discussed  during  the  meeting  at  the  Naval  Re¬ 
search  Laboratory  (Section  B-7),  most  equipment  can  sus¬ 
tain  a  peak  acceleration  greater  than  3  g.  ,  although  a  sus¬ 
tained  vibration  of  plus  and  minus  3  g.  could  cause  damage 
depending  upon  the  frequency  of  the  motion  as  compared  to 
the  equipment  frequencies.  However,  when  isolating  equip¬ 
ment  to  tolerable  acceleration  response  values,  low  frequency 
systems  (compared  to  equipment  frequencies)  are  achieved  and 
resonance  should  not  be  a  problem.  In  general,  the  deter¬ 
mination  of  an  appropriate  shock  tolerance  for  equipment  re¬ 
quires  individual  consideration  by  analysis  or  shock  tests. 

For  other  interior  components,  such  as  partition 
wall*  furniture,  cabinets,  ductwork,  etc.,  it  is  probably  ne¬ 
cessary  to  evaluate  the  peak  shock  tolerance  for  each  Indiv¬ 
idual  item  based  on  the  strength  and  flexibility  of  the  item 
and  its  suppurts.  However,  most  of  these  items  are  prob¬ 
ably  considerably  tugged,  although  unreinforced  partition 
walls  may  be  sensitive  to  horizontal  accelerations.  If  ae  • 
coloration*  aie  greater  than  one  g. ,  the  items  will  separate 
from  the  structure  slab  unless  they  are  attached.  This  sep¬ 
aration  could  cause  secondary  damage  due  to  collision  with 
the  floor  or  other  nearby  ubject*  as  well  as  l>  ^ury  to  per¬ 
sonnel. 

b.  Conclusions 


baaed  on  review  of  the  data  discussed  atcjve  and  sum¬ 
marised  in  Section  A -5  i,  the  conclusion*  pi'eronlod  below 
recommended  criteria  pertaining  to  shock 
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toLerances  for  equipment  and  other  interior  components 
housed  in  civiL  defense  shelters.  Application  of  these  re¬ 
commendations  with  regard  to  this  study  is  presented  in 
Chapter  IV. 

Based  on  transportation  and  normal  shock  require¬ 
ments,  standard  commercial  mechanical  and  electrical 
equipment  items  are  known  to  be  able  to  sustain  at  least  3  g. 
Electronic  equipment  items  can  generally  sustain  1.5  g. 

Actual  shock  tolerances  fur  standard  commercial  me- 
e  hanical  and  electrical  equipment  are,  in  general,  higher 
than  3  g. ,  and  in  most  cases,  5  to  10  g. 

Equipment  specifically  ruggedized  to  resist  shock  ef¬ 
fects  can  in  most  cases  sustain  20  g.  or  greater. 

Isolation  frequencies  in  the  range  (between  1/2  and  2 
times)  of  the  frequencies  of  the  equipment  components  should 
be  avoided  in  the  case  where  the  equipment  is  subjected  to  a 
vibratory  motion.  In  most  cases,  shock  isolation  at  fre¬ 
quencies  less  than  10  or  15  c.p.s.  for  standard  commercial 
equipment  and  less  than  20  c.p.s.  for  ruggedised  equipment 
will  avoid  resonance  problems. 

Sufficient  rattle  space  must  be  provided  to  accommo¬ 
date  relative  displacements  resulting  from  the  flexibility  in¬ 
troduced  by  the  shock  mounting. 

The  effect  of  rocking  or  lilting  motion  on  the  per¬ 
formance  of  the  equipment  must  be  considered. 

Mounting  connections  must  be  provided  with  sufficient 
strength  to  carry  the  forces  due  to  the  peak  accelerations. 

In  order  “o  establish  the  actual  shout  tolerance  for  a 
particular  item  of  equipment,  testing  or  analysis  is  neces¬ 
sary.  Testing  is  discussed  in  the  following  section  (A-6). 

For  miscellaneous  interior  components,  such  as  par¬ 
tition  walls,  furniture,  cabinets,  hardware,  ductwork,  pip¬ 
ing,  etc.  .  each  item  must  be  evaluated  and  sufficient 
strength,  anchorage,  and  flexibility  provided, 
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A  -  5 .  <d  Summaries  uf  Information 
Obtained  from  References 

a .  Summary  of  Refe rence  A.  I 

This  guide  advances  some  data  on  equipment  vulnera¬ 
bility  relevant  to  the  ground -shock  environment  and  points  out 
that  ;t  is  not  sufficient  to  assess  vulnerability  in  terms  of  an 
acceleration  limit  only,  since  the  frequency  corresponding  to 
this  limit  is  also  a  factor.  It  is  stated  that  "in  general,  a  vul¬ 
nerability  spectrum  can  be  dravrn  as  a  function  of  some  meas 
ure  of  frequency  of  the  input  motion  and  that  this  will  have 
peaks  at  the  natural  frequencies  of  the  piece  of  equipment.  If 
these  are  close  together,  possibly  a  uniform  acceleration 
vulnerability  may  be  postulated,  although  this  probably  drops 
down  for  low  frequency  inputs." 

The  vulnerability  to  be  concerned  with  is  that  due  es¬ 
sentially  to  a  single  pulse  for  low-frequency  input*  or  to  sev¬ 
eral  pulses  for  high-frequency  inputs,  but  certainly  not  that 
due  to  a  steady  «tate  oscillatory  input,  according  to  this  re¬ 
port.  It  is  stated  that  "In  any  case  it  appears  that  we  need  not 
be  generally  concerned  with  inputs  having  a  frequency  higher 
than  about  15  to  20  c.p.  s.  for  vertical  motion,  except  near 
columns,  and  about  5  c  p.  s.  even  for  the  highest  mode  of  lat¬ 
eral  motion,  for  horisuntal  motion." 

It  is  further  stated  "that  if  the  structural  design  does 
not  achieve  the  necessary  degree  of  attenuation  of  accelera¬ 
tion  then  the  equipment  may  be  shock  mounted  or  the  design 
modified.  It  is  usually  cheaper  anti  simpler  to  shock  mount 
the  equipment  except  in  very  special  cases.  It  appears  en¬ 
tirely  f-asible  to  limit  the  shock  acceleration*  experienced  by 
equipment  to  about  2.5  g.  for  vertical  motion,  and  possibly 
about  1.5  g.  for  lurirontal  motion,  by  approximate  meas¬ 
ures  in  tin-  structural  design.  Any  further  reductions  can  he 
achieved  only  by  unusual  methods  and  require  more  detailed 
study  and  analysis.  It  i*  recommended  that  further  reduc¬ 
tions,  \ (  needed,  he  obtained  by  individually  shuck  mounting 
vulnerable  pieces  of  equipment.  It  is  not  clear  at  thi*>  time 
whether  any  piece  of  equipment  is  In  fact  sensttave  to  less 
than  I.  5  g.  for  thr  actual  type  o«  motion  to  which  it  may  be 
subjected.  It  t»  possible  that  higher  frequency  steady 


sinusoidal  motions  may  cause  damage  to  equipment  at  lower 
accelerations,  Out  this  is  not  pertinent  to  the  problem.  " 


"In  order  to  reduce  somewhat  the  accelerations  near 
the  columns,  relatively  thin  energy  absorbing  pads  may  be 
used.  These  will  not  achieve  a  major  shock  isolation  effect, 
but  they  will  be  of  help  in  keeping  high  frequencies  from  be¬ 
ing  transmitted  through  the  columns-  " 

It  is  pointed  out  that  frequencies  between  1/2  and  2 
times  those  uf  the  structure  must  be  avoided,  or  provision 
made  for  them  by  considering  a  resonance  phenomenon  with  a 
sustained  harmonic  input. 

b.  Summary  of  Reference  A.  13 

This  guide  gives  damage  criteria  fur  cqvpment  in  a 
ground  shock  environment  and  it  states  that  "in  general  the 
sensitivity  to  shock  of  a  piece  of  equipment  is  dependent 
not  only  upon  the  components  which  make  up  the  equipment, 
but  upon  the  mounting  of  these  components  in  the  piece  of 
equipment  and  also  on  the  mounting  of  the  equipment  itself  on 
the  structure  or  clement  to  which  it  is  attached.  The  sensi¬ 
tivity  of  each  item  is  dependent  upon  the  over -all  character¬ 
istics  of  the  entire  system  and  a  change  in  one  part  of  this 
system  may  affect  the  shock  sensitivity  of  all  the  parts  con¬ 
nected  together.  In  other  words,  placing  a  transformer  on  a 
flexible -plate  mounting  may  change  the  characteristics  oi  the 
transformer  in  resisting  shock  as  well  as  the  characteristics 
of  control  equipment  mounted  on  the  transformer". 

<l  is  stated  that,  "in  general  most  Items  of  equipment, 
including  fairly  delicate  electronic  equipment,  can  sustain 
shocks  which  might  produce  accelerations  on  the  order  of  ss 
much  as  5  g.  provided  (hat  the  frequency  •>*  the  element  at 
which  this  acceleration  is  experienced  is  relatively  high,  on 
the  order  ol  50  vo  100  c.p.  s.  A  S  g.  acceleration  for  an 
element  having  a  low  frequency  would,  however,  be  much 
more  eerlou*  and  would  produce  large  relative  displacement*.  '* 

the  most  dellcstc  types  of  equipment  in  terms  of  sho,:k 
resistance  are  reported  as  follows: 
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a.  Rotary  drums  such  as  magnetic  memories; 

b.  Cathode  ray  display  tubes;  and 

c.  Relays  in  telephone  switching  circuits. 

Items  such  as  (a)  and  (b)  may  have  failuies  under  operating 
conditions  at  acceleration  levels  as  low  as  1.  5  g.  ,  and  items 
such  as  (c)  at  only  slightly  greater  accelerations  if  the  fre¬ 
quencies  correspond  to  resonance  with  the  natural  frequencies 
of  the  equipment,  according  to  this  report.  It  is  stated  that 
"such  items  require  special  shock  mounting  and  substitution 
of  equipment  of  another  less  vulnerable  type  is  desirable.  " 

c.  Summary  of  Reference  A.  20 

It  is  described  in  this  report  that  shock  response 
spectrum  can  be  employed  as  the  primary  criterion  of  dam¬ 
age  potential.  The  selection  of  equipment  or  the  decision  to 
provide  shock  isolation  can  be  made  on  the  basis  of  s  compar¬ 
ison  of  the  spectrum  of  the  service  shock  with  that  of  a  test 
shock  which  the  equipment  has  survived. 

The  following  problems  are  pointed  out; 

"Rarely  has  tbs  model  and  make  of  the  equipment  been 
determined  at  the  stage  in  the  design  where  the  decision 
whether  or  not  to  isolate  the  equipment  must  be  made.  In  the 
ususl  procurement  procedure,  the  entire  facility  design  is 
completed  before  the  final  selection  of  equipment.  In  the  in¬ 
terest  of  economy  it  is  desirable  to  utilise  commercial  grade 
equipment  wherever  possible.  To  specify  arbitrarily  that 
the  equipment  withstand  the  service  shock  without  regard  for 
commercial  standards  may  require  that  a  specially  design*., 
unit  be  constructed. " 

"A  further  complication  arises  from  the  Uck  of  a 
comprehensive  body  of  shock  test  data  on  commercial  grsde 
equipment.  Ample  lest  data  would  provide  the  isolation  sys¬ 
tem  designer  with  a  basis  for  forming  a  reasonable  estimate 
of  the  shoe*-  tolerance  level  of  equipment  in  which  he  is  in¬ 
terested.  Many  important  items  have  never  been  tested;  in 
those  instances  where  tests  have  been  made,  the  strength  of 
the  test  shock  is  rarely  defined  by  its  response  spectrum, 
in  any  case,  the  data  are  widely  scattered.  " 


"As  an  initial  step  ir.  assembling  shock  test  data  on 
the  type  of  equipment  regularly  employed  in  underground  pro* 
tective  structures,  a  large  number  of  shock-test  reports  have 
been  abstracted  and  the  results  tabulated  (in  the  report)." 

The  test  environment  data  for  the  tests  reported  is  gen¬ 
erally  in  terms  of  a  hammer  drop  distance  associated  with  an 
impact  test.  For  some  of  these  tests,  spectrum  were  re¬ 
corded  which  can  be  compared  to  the  ground  shock  spectrum. 
If  tiie  equipment  withstood  the  test  and  the  test  spectra  is  more 
than  the  ground  shock  spectra,  then  the  equipment  is  capable 
of  surviving  the  ground  shock. 

d .  Summary  of  Reference  A.  21 


This  report  does  not  present  any  shock  tolerances  for 
equipment,  but  it  does  examine  the  design  requirements  for 
equipment  required  to  withstand  shock  and  vibration.  Also, 
a  discussion  of  equipment  vulnerability,  malfunction,  and 
damage  sustained  during  laboratory  teats  is  presented.  The 
following  data  are  abatracted  from  this  report: 

Equipment  of  a  type  required  to  withstand  shock  and 
vibration  generally  consists  of  a  housing  or  chaaaia  to  provide 
structural  strength  and  an  array  of  functional  components  A 
suitable  design  is  characterised  by  (1)  properly  selected  or 
designed  components,  (i)  chassis  mounting  to  minimise  dam¬ 
age  from  shock  and  vibration,  and  (1)  a  chassis  capable  not 
only  of  withstanding  shock  and  vibration  but  also  of  providing 
a  degree  of  protection  to  the  components. 

One  of  the  more  troublesome  problems  in  the  desij  -  of 
equipment  is  attainment  of  the  proper  balance  oetwocn  flexi¬ 
bility  and  rigidity  of  the  chassis-  For  a  particular  shock  mo¬ 
tion,  the  maximum  acceleration  experienced  by  a  component 
is  determined  primarily  by  the  natural  freq.  mey  of  the 
chaaais  supporting  the  component.  The  acceleration  decreases 
as  the  natural  frequency  decreases.  Thus,  components  that 
arc  susceptible  to  damage  from  shock  may  be  given  a  degree 
of  protection  by  mounting  them  on  a  relatively  flexible 
chassis:  however,  if  the  equipment  is  required  to  withstand 
shock  as  well  as  vibration,  it  is  possible  that  the  flexibility 
introduced  to  attenuate  the  shock  may  lead  to  a  failure  as  a 
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result  of  vibration. 


Fa’iure  or  damage  from  vibration  usually  is  the  result 
of  a  resonant  condition,  i.e.,  the  chassis  or  component  has  a 
natural  frequency  that  coincides  with  the  frequency  of  the 
forcing  vibration.  In  some  applications,  e.g.,  on  naval 
ships,  the  maximum  frequency  of  the  forcing  vibration  is  rel¬ 
atively  low,  and  it  becomes  feasible  in  most  instances  to  de¬ 
sign  equipment  having  natuial  frequencies  greater  than  the 
highest  forcing  frequency.  On  the  other  hand,  vibration  in 
aircraft  is  characterized  by  relatively  high  frequencies;  as  a 
consequence,  it  is  not  feasible  to  design  equipment  having 
natural  frequencies  higher  than  the  forcing  frequencies.  A 
condition  of  resonance  often  must  be  tolerated.  In  extreme 
conditions,  the  effect  of  the  resonant  condition  can  be  allev¬ 
iated  by  the  provision  of  damping  cr  energy  dissipation. 

Failure  oi  equipment  as  a  result  of  shock  and  vibration 
may  consist  of  (1)  damage  so  severe  that  the  ability  of  the 
equipment  to  perform  its  intended  function  is  impaired  per¬ 
manently  or  (2)  temporary  diaruption  of  normal  operation  in 
a  manner  permitting  restoration  of  service  by  suoacquent  ad¬ 
justment  of  the  equipment  or  termination  of  the  disturbance, 
for  example,  a  common  type  of  disruption  involve*  excessive 
wbration  of  the  elements  within  an  electronic  tube;  damage 
may  not  occur,  Init  the  electron  tube  may  generate  spurious 
signals  and  thus  be  unable  to  perform  its  intended  function. 
Another  type  of  temporary  disruption  may  occur  in  a  relay  or 
circuit  breaker  where  shock  or  vibration  causes  unintended 
and  improper  operation.  Normal  operation  can  be  restored 
readily  if  the  equipment  is  accessible  to  personnel  for  ad¬ 
justment.  Meanwhile,  serious  consequences  may  have  dec- 
oped  from  the  disruption 

A  record  of  damage  sustained  by  equipment  during  a 
shuck  or  vibr.iti  »n  test  is  significant  in  cmph.sistng  the  con¬ 
siderations  that  are  important  in  attaining  resistance  to  dam¬ 
age  from  shock  and  vibration  Compilations  of  damage  ex¬ 
perience  *how  that  failure  of  principal  chassis  and  mounting 
brackets  is  the  most  common  form  of  damage.  During  shock, 
a  chassis  may  not  have  sufficient  strength  to  withstand  the 
torves  that  are  applied.  During  vibration,  resonant  condi¬ 
tions  may  develop  and  the  relatively  undamped  chassis  may 
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fail  from  fatigue.  Failure  of  elecfical  leads  from  fatigue  is 
common,  often  because  the  leads  are  used  improperly  to  sup¬ 
port  resistors  and  capacitors.  Failure  of  electronic  tubes  is 
common,  mainly  because  they  are  used  in  large  quantities 
in  electronic  equipment  although  failure  in  terms  of  percentage 
of  tubes  used  is  not  large.  On  the  other  hand,  a  r  .latively 
large  percentage  of  incandescent  lamps  and  cathode-ray  tubes 
experience  failure.  In  some  instances,  failure  may  be  as¬ 
cribed  to  the  inherent  properties  of  the  components  that  failed; 
in  other  instances,  failure  is  the  result  of  improper  installa¬ 
tion. 

e .  Summary  of  Reference  A.d£ 

This  report  consists  of  Parts  A  and  B.  Part  B,  repor¬ 
ted  herein,  gives  the  theoretical  basis  for  the  procedures  given 
in  Part  A.  Each  part  contains  a  chapter  on  shock  effects  cov¬ 
ering  shock  vulnerability  of  equipment. 

The  following  is  quoted  from  this  report: 

"The  problem  of  estimating  shock  vulnerability  of 
equipment  it  complicated  because  only  small  segments  of  in¬ 
formation  pertaining  to  thie  topic  are  available.  Even  when 
pieced  together,  information  in  this  area  ie  still  fragmentary. 
As  a  result,  the  information  may  have  to  b«  revised  periodi¬ 
cally  as  additional  information  becomes  available.  " 

“Damage  or  failure  of  equipment  may  result  from  frac¬ 
ture  or  bre  ukage  of  parts,  yielding  or  permanent  deformation, 
misalignment,  relative  motion  between  components  (for  exam¬ 
ple.  electronic  component*!,  loosening  of  fasteners,  low,,  tin 
high  stress  fatigue,  etc1'. 

“A  comprehensive  summary  of  shock  and  vibration 
damage  was  published  by  the  Department  of  ..to  Navy  in  19}  1 
(*  Damages  Resulting  From  Laboratory  Vibration  and  High- 
Impact  Shock  Tests,’  Bureau  of  Ships.  Department  of  the 
Navy,  Publication  NAVSHIPS  900,  18*.  II  September  19})) 

As  used  herein  the  term  vibration  refers  to  continuing  oscil¬ 
latory  motion  which  may  damp  out  with  lime  white  shock  re¬ 
fer*  to  an  abrupt  transient  disturbance  which  may  be  followed 
by  vibration  in  many  cases.  Two  pertinent  paragraphs  of  thr 
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conclusions  in  this  report  are  quoted  below."  * 

'An  equipment  well  designed  for  vibration  was  usually 
very  good  for  shock,  whereas,  an  equipment  that  passed 

shock  tests  satisfactorily  may  or  may  not  have  been  capable  ** 

of  passing  vibration  tests.  The  reason  for  these  re  .ults  was 
that  many  of  the  equipments  tested  were  too  flexible  and  thus 
were  resonant  in  the  testing  frequencies.  However,  the  flex¬ 
ibility  was  usually  beneficial  for  shock  if  collision  did  not  oc¬ 
cur.  Vibration  tests  were  normally  pertormed  on  the  equip¬ 
ments  first,  followed  by  shock,  one  exception  being  lighting 
equipments  which  were  shocked  before  being  vibrated  because 
of  the  fragile  nature  of  the  lamps.  1 

'One  very  interesting  fact  observed  in  examining  the 
breakdown  of  damages  is  that  the  greatest  majority  of  the  dam¬ 
ages  (approximately  90  percent)  resulting  either  from  shock 
or  from  vibration  can  be  eliminated  in  future  designs  using 
components  currently  available  For  that  matter,  in  a  great 
many  of  the  present  designs  damages  can  be  sharply  reduced 
without  extensive  design  changes.  The  exception  would  be 
those  equipments  where  it  is  not  possible  to  rais*  the  resonant 
frequency  above  test  frequencies  by  methods  which  would  not 
unduly  increase  the  severity  of  the  shock  test  of  the  unit  ' 

"The  implication  of  the  last  paragraph  is  that  often  it 
is  possible  to  fabricate  highly  shock- resistant  equipment  with 
available  components  if  proper  design  and  shock-proof  testing 
are  undertaken.  The  advent  of  increased  awareness  of  the  ad¬ 
vantages  of  shock  testing,  coupled  with  the  use  of  solid-stale 
components,  has  provided  a  much  larger  margin  of  safety 
against  shock  damage  for  certain  types  of  equipmet*'  con. 
pared  *•»  earlier  years." 

"In  fierier. 1.  the  vulnerability  of  equipment  to  shock  is 
dependent  not  only  vipon  the  components  which  make  up  the 
equipment  but  also  upon  the  mounting  of  these  components  in 
the  piece  of  equipment  and  also  on  the  mounting  of  the  equ.p-  , 

tiirni  itself  on  the  structure  or  element  to  which  it  is  attached 
*  he  Sensitivity  of  each  item  is  dependent  upon  the  overall 
« Karat  lenities  of  the  entire  system,  and  a  change  in  one  part 
of  the  system  may  affect  the  shnek  sensitivity  of  alt  the  con¬ 
nected  parts.  In  other  words,  (dating  a  transformer  on  a 
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flexible  plate  mounting  may  change  the  characteristics  of  the 
transformer  in  resisting  shock  as  well  as  the  characteristics 
of  control  equipment  mounted  on  the  transformer.  Thus,  spec¬ 
ifying  the  level  of  resistance  for  individual  items  may  not  be 
,  *  sufficient.  Generally  the  item  is  part  of  a  coordinated  system 

which  must  remain  undamaged  to  perform  its  mission  satis¬ 
factorily  .  " 

"The  type  of  shock  sensitivity  depends  on  the  item;  one 
equipment  item  may  be  sensitive  to  several  types  of  excita¬ 
tion.  A  good  example  described  involved  a  cabinet  mounted 
amplifier  signal  system-  Not  only  were  some  of  the  electronic 
components  extremely  shock  sensitive,  but  in  addition  the  cab- 
tne‘  framework  and  panels  were  damaged  in  shock  tests  to  such 
an  extent  that  the  rest  of  the  equipment  was  rendered  useless 
Generally  the  vulnerability  levels  for  equipment  can  be  ex¬ 
pressed  in  terms  of  acceleration  (toree  overloading)  or  occas 
ionally  deflection  (relative  deflection  or  permanent  set).  Oc¬ 
casionally  reference  is  made  to  frequency  at  which  the  accel¬ 
eration.  etc.,  would  damage  the  equipment  or  render  it  use¬ 
less.  Another  common  criterion  involves  steady  etate  vibra¬ 
tion  (frequency,  acceleration  level,  and  number  of  cycles). " 

'  In  order  to  make  use  of  response  spectrum  concepts 
in  making  a  vulnerability  analysis  for  shock  it  is  necessary 
that  the  vulnerability  criteria  (acceleration  or  displacement) 
be  known  as  well  as  the  frequency  (uc  band  of  frequency)  in 
which  the  damage  may  occur,  it  was  on  this  base  that  estim¬ 
ates  of  frequency  and  vulnerability  of  typical  equipment  items 
presented  in  Fart  A  were  prepared  Under  certain  rare  con¬ 
ditions  combinations  of  displacement,  velocity  or  acceleration 
criteria  (without  a  Knowledge  of  frequency  range,  for  exa».  *'.«) 
can  provide  a  sufficient  basts  for  making  a  vulnerability 
a*  aly  is  ” 

It  ts  *»--%  ed  that.  ”m  general,  most  ,  ml  of  equipment, 
including  lairly  delicate  electronic  equipment,  can  sustain 
shocks  wh;-  i;  might  produce  accelerations  even  on  the  order  of 
as  much  as  s  g  (-  tone s  the  ac«  elerat.on  of  gravity)  provided 
that  the  frequent  >’  ol  thr  element  at  which  this  acceleration  is 
•  experienced  is  relative!"  high,  on  the  order  of  **0  to  100 

c  p  S  A  ^  g  acceleration  for  an  element  having  a  low  fre¬ 
quency  would,  ht.w-rvei,  he  much  more  Serious,  and  would 
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produce  large  relative  displacements.  " 


The  most  delicate  types  of  equipment,  in  terms  of 
shock  resistance,  are  reported  as  follows: 

a.  Rotary  drums  such  as  magnetic  memories. 

b.  Cathode  Ray  display  tubes. 

c.  Power  supply  units. 

d.  Relays  in  telephone  switching  circuits. 

e.  Tape  units  and  core  storage  units. 

It  is  stated  that,  "items  such  as  (a)  and  (b)  may  have  failures 
under  operating  conditions  at  acceleration  levels  as  low  as  2  g.  , 
and  items  such  as  (c),  (di,  and  (e)  at  considerably  greater  ac¬ 
celerations  (for  example  5  to  10  g.  ).  " 

It  is  pointed  out  that  recent  magasine  advertisements  for 
solid  state  diode*  make  open  claim  for  meeting  (he  following 
typical  environments  for  stable  operation. 

Instantaneous  (luput)shaek  -  1000  g. 

Continuous  acceleration  *  40  g. 

Vibration  -  15  g.  over  Hi  u  i0f>0  e.  p.  *.  (but  no  eyelc 
limit  given  •  the  lead#  would  obviously  be  the  weak  link  here). 

It  i«  stated  that,  "the  type#  of  vulnerable  items  in  har¬ 
dened  structure#  are  *.vo  many  and  too  diverse  to  summarise 
but  would  include  such  items  as  utility  systems,  batteries, 
refrigerating  units,  electronic  equipment,  motors  and  genera¬ 
tors,  bearings,  shock  mounts,  fasteners,  gears,  lat  he*, 
ducts.  personnel".  It  ts  pointed  oui  that,  "in  long  struc¬ 
tures,  or  when  two  elements  are  connected  together  and  are  at¬ 
tached  to  structures  which  may  move  in  different  manners, 
relative  motion  must  be  considered  and  may  he  a  definite  so***'?*' 
of  vulnerability,  Kntrances  to  tunnels,  tunnels  connecting 
structures,  piping,  and  shafts,  and  leads  connecting  mechanical 
and  electrical  equipment,  are  examples  of  ile  *-<  which  should 
be  examined  in  this  connection". 

(.  Summary  ul  Rei'croncc  A.  £1 

With  regard  to  equipment  fragility  and  tolerances, 
this  rcjviri  presents  a  general  discussion  of  the  basic,  elemen¬ 
tary  concepts  involved,  tl  is  slated  that  "if  the  supporting 
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structure  is  to  be  shock,  isolated  to  a  dynamic  load  of  jne  g.  or 
less  for  some  reason,  little,  if  any,  of  the  equipment  would 
require  additional  shock  protection  or  special  mounting  con¬ 
siderations"  . 

g  .  Summary  of  Reference  A . 


This  report  docs  not  present  any  shock  tolerances  for 
equipment  but  it  does  point  out  that  studies  of  shoek  loadings  en¬ 
countered  by  equipment  during  shipping  have  been  reported  and 
indicate  that  equipment  shipped  by  rail  or  truck  may  experience 
shock  loadings  of  S  g.  or  more.  It  is  concluded  in  the  report 
that  if  equipment  is  normally  shipped  by  rati  or  truck  without 
special  shock- resistant  packaging,  and,  if  equipment  is  rarely 
damaged  during  the  normal  shipment,  the  equipment  can  be  as¬ 
sumed  to  have  a  fragility  level  in  excess  of  I  g  If  special 
precautions  are  required  to  cushion  sensitive  components  dur¬ 
ing  shipping,  a  lower  fragility  level  must  be  assumed  Fluor¬ 
escent  ltKhting  fixtures  Uixture  and  lamp!  may  have  tragility 
levels  in  excess  of  iO  g.  Several  manufacturers  have  tested 
fixtures  and  can  certify  minimum  fragility  levels  of  this  mag¬ 
nitude  Incandescent  lamps  and  fixtures  generally  are  not  as 
shock  resistant,  and  "rugged  duty  *  lamps  are  required 

h.  Summary  of  Reference  A  dS 

Several  -I -ft  fluorescent  fixtures  with  tamps  were 
shock  tested  with  the  peak  tolerable  acceleration  varying 
between  and  t-S  g. 

t  Summary  of  Reference  A  •*«> 

This  report  presents  shock  tolerances  for  various 
electrical  equipment  items  manufactured  by  West'.nghousc 
The  items  were  .rated  fusing  the  Navy  High  Impact  Machine 
*nd  other  test  equipment)  by  WeslinghouSe  specifically  for  the 
TITAN  program  and  Some  of  the  shock  levels  noted  are  (©,• 
special  or  ruggedtted  equipment  In  all,  fcb  items  were 
tested,  the  shock  levels  varying  from  If  to  lit  g.  The  lowest 
level  Of  14  (  was  recorded  for  t-phaSe  transformers.  14  b  g 
was  recorded  for  a  lOPO-watf  mercury  lamp  The  highest 
level  of  lib  g  was  recorded  for  a  1000-watt  lamp  ballast  and 
a  £4£f*-w»tt  *-lamp  tcsrlor  A  fluorescent  lighting  fixture 
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with  lamps,  a  high-bay  lamp,  starters,  relays,  transform¬ 
ers,  voltage  regulators,  resistors,  transducers  and  fuses  had 
tolerances  of  about  20  g.  Switchgear  components  presented 
tolerances  of  50  g. 

It  is  stated  in  the  report  that  "most  commercial  (not 
ruggediaed)  apparatus  will  withstand  up  to  5  g.  without  im¬ 
portant  structural  damage.  Functional  derangements  (mal¬ 
functions),  however,  may  be  objectionable  even  at  low  peak 
accelerations  if  the  component  response  motion  renders  the 
apparatus  incapable  of  performing  its  principal  military  func¬ 
tion  even  though  structurally  undamaged.  " 

A  list  of  apparatus  certified  to  withstand  a  response  of 
3  g.  (not  tested)  for  the  TITAN  program  is  presented  and  in¬ 
cludes  such  items  as  circuit  breakers,  1-phase  transformers, 
panelboards  with  E-frame  breakers,  multi-motor  starters, 
overload  relays,  and  timing  relays. 

j.  Summary  of  Reference  A.  27 

This  report  consists  of  Parts  A  and  B.  fart  A,  re¬ 
ported  herein,  gives  procedures  and  Part  B  presents  the  theo¬ 
retical  basis  for  these  procedures.  Each  part  contains  a 
chapter  on  shock  effects  covering  shock  vulnerability  of 
equipment. 

This  report  describes  and  illustrates  a  method  of 
shock  vulnerability  analysis  based  on  the  response  spectrum 
which  consists  of  matching  the  acceleration  spectrum  with 
the  vulnerability  coordinates  (in  terms  of  frequency  and  ac 
celeration)  for  the  particular  class  of  equipment. 

With  regard  to  the  vulnerability  coordinates,  estim¬ 
ates  of  typical  ranges  are  given  for  tolerable  "mits  without 
incurring  moderate  damage.  Also  given  are  recommended 
values  corresponding  to  moderate  damage  and  severe  dam¬ 
age.  The  typical  ranges  are  listed  below.  Recommended 
values  (presented  in  the  report)  for  moderate  damage  lie  mid¬ 
way  between  the  typical  ranges;  and  recommended  values  for 
severe  damage  arc  four  times  greater  than  the  acceleration 
values  for  moderate  damage.  It  is  pointed  out  that,  "softer 
shock  mounting  may  be  used  in  highly  protected  structures". 
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Estimates  of  Frequency  ana 
Vulnerability  of  Typical  Equipment.  Items 


Typical  Ranges  of 

Fundamental 

Estimated 

Shock 

Natural 

Vulnerability 

Item  Mounted 

Frequency 

Level 

c.  p.  3. 

g- 

Heavy  Machinery--Mo  - 
tors,  Generators,  Trans- 

No 

5-15 

10-30 

formers,  etc.  (4000  lb.  ) 

Yes 

1-5 

20-60 

Medium  Wt.  Machinery-- 
Pumps,  Condensers,  Air 
Conditioning,  etc.  (1000 

No 

10-20 

15-45 

to  4000  lb.  ) 

Yes 

1-7 

30-90 

Light  Machinery-Fans 
Small  Motors,  etc. 

No 

15-35 

30-70 

(1000  lb.) 

Yes 

2-10 

50-150 

Racks  of  Communication 
Equipment,  Relays,  Rotat' 

ing  Magnetic  Drum  Units, 
Large  Electronic  Equip- 

No 

10-50 

2-8 

ment  with  Vacuum  Tubes 

Yes 

2-10 

10-90 

Small  Electronic  Equip¬ 
ment,  Radios,  Incandes- 

No 

20-80 

20-80 

cent  Lamps 

Yes 

2-25 

50-450 

Cathode  Ray  Display 

No 

5-25 

1.5-4.  5 

Tubes 

Yes 

1-5 

5-25 

Transistorized  Computers, 
Fluorescent  Lumps  and 
Fixtures,  Nuclear  Reac- 

No 

lu-50 

5-20 

tors 

Yes 

1-15 

20-200 

Storage  Batteries  (All 
Types),  Piping,  and  Duct 

No 

5-i5 

20-120 

Work 

Yes 

1-10 

50-250 
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SECTION  A -fa 


SHOCK  TESTING  FACILITIES  AND 
CURRENT  TECHNIQUES  USED  FOR  SHOCK  TESTING 


A-6.  1  Diccussion  and  Evaluation 


This  section  is  devoted  to  shock  testing  facilities  and 
current  techniques  used  for  vibration  and  impact  testing  of  per¬ 
sonnel  and  equipment.  It  is  divided  into  two  parts:  "Personnel 
Testing"  and  "Equipment  Testing". 

a.  Personnel  Testing 

A  number  of  shock  and  vibration  testing  machines  have 
been  developed  to  study  the  physical,  physiological,  and  psy¬ 
chological  responses  of  man  to  vibration  and  abrupt  accelera¬ 
tion  or  deceleration.  These  devices  are  in  current  use,  prin¬ 
cipally  in  the  military  departments,  and  include  mechanical 
and  electrodynamical  shake  tables,  vertical  accelerators, 
shock  machines,  and  horizontal  and  vertical  accelerators  and 
deceleretors,  e.g. ,  rocket  sleds  on  tracks  and  drop  towers. 
See,  for  example,  References  A.  7,  A.  28,  and  A.  32.  Require¬ 
ments  for  these  shock  and  vibration  machine r.  include  adequate 
safety  precautions,  safe  and  accurate  control  of  the  exposure, 
and  sufficient  load  capacity  for  subject,  seat,  and  instrumen¬ 
tation. 


Many  fundamental  studies  of  effects  of  mechanical  vi¬ 
bration  on  man  are  performed  with  single-degree-of -freedom 
sinusoidal  forces  using  mechanical  and  electrodynamical  shake 
tables.  In  general,  these  devices  provide  relatively  simple 
moticn  patterns  not  representative  of  actual  environments,  and 
are  used  principally  for  aystematic  investigations  of  physiolog¬ 
ical  effects  of  mechanical  vibration  under  somewhat  simplified 
conditions. 

In  order  to  study  some  of  the  physiological  effects  of 
mechanical  oblation  on  man,  a  direct-drive,  mechanical  - 
vibration  shake  table  capable  of  providing  large  sinusoidal  ver¬ 
tical  displacements  has  oeen  designed  and  constructed  by  the 
Naval  Research  Laboratory  (Reference  A.  28).  It  is  used  for 
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a  long-range  research  program  at  the  Naval  Medical  Research 
Institute  and  is  designed  for  a  maximum  tablelcad  rating  of  200 
ibs.  at  any  combination  of  displacements  and  frequencies  not 
exceeding  a  15  g.  peak  acceleration.  The  frequency  range  is 
2.  2  to  5  0  c.  p.  s.  The  excursion  or  total  travel  is  variable 
from  zero  to  four  inches  and  may  be  changed  continuously 
while  the  machine  is  operating.  The  essentially  harmonic 
motion  of  the  table  occurs  only  in  the  vertical  direction. 

The  Wright  Air  Development  Division  houses  a  shake 
table  designed  for  sinusoidal  motions  in  either  a  horizontal  or 
vertical  plane  (Reference  A.  7).  This  device  is  used  for  study¬ 
ing  human  tolerance  and  biodynamic  problems  at  large-ampli¬ 
tude  vibrations  and  also  for  testing  seats,  harnesses,  and 
other  equipment.  It  can  operate  in  the  frequency  range  from 

2  to  30  c.  p.  s.  and  has  a  maximum  acceleration  rating  of 
about  20  g.  (at  the  higher  frequencies).  The  double  amplitude 
is  adjustable  between  zero  and  9  inches.  In  actual  studies 
of  human  tolerance,  the  machine  produced  vertical  accelera¬ 
tions  in  the  order  of  2  to  3  g.  in  the  frequency  range  between 

3  and  10  c.  p.  s.  (Reference  A.  8). 

Other  shake  tables  widely  used  for  human  factors  re¬ 
search  include  the  U,  S.  Army  Medical  Research  Vibrator 
at  the  Army  Medical  Research  Center,  Fort  Knox,  Kentucky, 
and  the  Boeing  Human-Vibration  Facility  at  Wichita,  Kansas 
(Reference  A.  28).  The  former  device  can  produce  either  ver¬ 
tical  or  horizontal  motions  throughout  the  frequency  range 
from  5  to  2000  c.  p,  s.  The  maximum  displacement  (double 
amplitude)  obtainable  is  0.  5  in.  which  decreases  as  the  fre¬ 
quency  is  increased.  Accelerations  up  to  10  g.  arc  pos¬ 
sible  with  a  280-lb.  load  and  20  g.  with  a  100-lb.  load.  The 
Boeing  facility  is  capable  of  producing  sinusoidal  motions  of 
either  constant  amplitude  or  varying  amplitude  in  the  vertical 
plane.  Vibrations  between  1  and  30  c.  p.  s.  with  amplitudes 
of  20  in.  at  the  lowest  frequency  up  to  1/64  in.  at  the  high¬ 
est  frequency  are  produced. 

Since  the  law  of  linear  superposition  is  valid  only  in 
the  linear  physical  domain,  sinusoidal  torces  alone  are  not 
adequate  for  the  study  of  non-linear  physical  responses  or 
physiological  and  psychological  reactions  to  complex  force - 
time  functions.  Therefore,  some  machines  have  been 
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designed  uniquely  to  simulate  to  some  extent  certain  actual 
environments.  These  devices  are  referred  to  as  motion 
simulators.  A  vertical  accelerator,  for  example,  (Refer¬ 
ences  A.  7  and  A.  28)  employs  a  friction  drive  mechanism  to 
permit  the  simulation  of  large -amplitude,  low-frequcncy  sin¬ 
usoidal  and  random  vibrations,  such  as  those  encountered  in 
buffeting  during  low  altitude,  nigh-speed  flight  or  those  antic¬ 
ipated  during  the  launch  or  reentry  phases  of  spacecraft. 

This  device  can  be  programmed  with  random  or  periodic,  vi¬ 
brations  auu  Uausieui  acceleration  patlerus  obtained  from  re¬ 
cords  under  actual  flight  conditions.  It  is  located  at  the 
Wright  Air  Development  Division  and  can  produce  vertical 
sinusoidal  motions  with  an  amplitude  of  £  10  ft.  with  an  ac¬ 
celeration  limitation  of  3.  5  g.  between  0.3  and  10  c.  p.  s. 

In  addition,  an  auxiliary  vibrator  can  shake  the  platform 
horizontally  with  sinusoidal  vibrations  and  is  adjustable  be¬ 
tween  10  and  20  c.  p.  s.  up  to  0.  12  in.  amplitude. 

A  six-degree-of -motion  simulator  located  at  the  Aero¬ 
space  Medical  Research  Laboratories,  Wright  Patterson  Air 
Force  Base,  will  be  operating  in  the  near  future.  The  pur¬ 
pose  of  this  facility  will  be  to  explore  human  tolerance  anu 
performance  under  high-level  angular  and  linear  oscillations 
as  anticipated  during  the  reentry  phase  of  space  vehicles, 
low-altitude,  high-speed  flights  of  airplanes,  and  operation 
of  escape  systems  at  high  speed.  Simultaneous  operation  of 
all  six  degrees  of  motion  with  programmed  acceleration  pat¬ 
terns  will  be  possible  with  this  device  which  will  have  the 
capability  of  producing  vertical  linear  motions  from  zero  to 
30  c.p.  s.  The  maximum  vertical  displacements  will  be  var¬ 
iable  from  0  to  about  10  in. ,  and  linear  transverse  and  lon¬ 
gitudinal  motions  will  also  be  produced  from  0  to  30  c.  p.  • . 
with  maximum  displacements  variable  from  0  to  about  8  m. 
Motions  in  roll,  pitch,  and  yaw  will  be  from  0  to  30  c.  p.  s. 
with  a  maximum  displacement  of  plus  or  minus  15  degrees  in 
roll  and  pitch,  and  plus  or  minus  10  degree  in  yaw. 

Other  machines  for  the  study  of  human  tolerance  to 
ejection  from  high-speed  aircraft  (ejection  seat)  have  upward 
or  downward  acceleration  tracks  with  sliding  seats  projected 
by  explosive  charges.  Horizontal  tracks  with  rocket  pro¬ 
pelled  sleds  which  can  be  stopped  by  special  braking  mechan¬ 
isms  have  been  used  to  study  the  effects  of  linear 
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decelerations  similar  to  those  occurring  in  automobile  or  air¬ 
craft  crashes.  These  devices  produce  force  or  acceleration¬ 
time  functions  which  are  approximately  trapezoidal  in  shape. 
In  actual  tests  with  human  subjects  (Reference  A.  ?),  rates  of 
onset  of  acceleration  up  to  1,400  g. /sec.  with  plateau  dura¬ 
tions  of  40  g.  have  been  used,  although  the  capacity  of  the 
machines  is  generally  higher.  (See,  for  example,  References 
A.  28  and  A.  32). 

In  the  simulation  of  shipboard  shock  motions,  the  U.  S. 
Navy  high-impact  shock  machine  has  been  used  for  tests  on 
personnel  and  cadavers  (Reference  A.  17).  (A  description  of 
this  device  is  given  in  the  next  section  entitled  "Equipment 
Testing". )  In  some  studies  to  investigate  shipboard  shock  ef¬ 
fects  on  personnel,  actual  underwater  explosions  have  been 
conducted  against  a  ship.  Devices  which  simply  drop  subjects 
from  predetermined  heights  have  been  employed  in  other 
studies  to  determine  impact  effects  resulting  from  falls,  par¬ 
achute  jumps,  automobile  and  aircraft  crashes,  and  related 
decelerative  phenomena  (Reference  A.  10).  Various  impact 
velocities  may  be  generated  depending  upon  the  height  of  free 
fall. 


To  date,  there  have  been  no  publications  of  tests  or 
testing  devices  which  were  designed  specifically  to  deter¬ 
mine  human  tolerance  to  shock  motions  typical  of  those  en¬ 
countered  in  underground  protective  structures.  As  discussed 
with  representatives  of  the  Lovelace  Foundation,  DASA,  and 
the  Naval  Medical  Research  Institute  (Sections  B-4,  B-6  and 
B-8,  respectively),  shock  te sling  to  determine  human  tol¬ 
erance  to  shelter  motions  would  involve  a  somewhat  elaborate 
program,  particularly  for  civil  defense  shelters,  since  ■» 
wide  range  of  age  groups,  physical  characteristics,  and  body 
positions  (sitting,  standing,  reclining)  are  involved.  For  ob¬ 
vious  reasons,  test  results  obtained  on  healthy  young  sub¬ 
jects  (who  are  likely  volunteers)  would  pro-ably  not  be  repre¬ 
sentative  of  tolerances  nor  of  physical  characteristics  for 
other  age  groups.  Nevertheless,  studies  using  selected  vol¬ 
unteers  are  well  worth  making  providing  care  is  taken  in  the 
interpretation  of  the  data.  With  regard  to  future  studies,  the 
Air  Force  Special  Weapons  Center  is  considering  performing 
tests  on  personnel  in  connection  with  the  Minuteman  Weapon 
System  using  the  abovementioned  six-degree -of -motion 
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simulator  at  the  Wright  Patterson  Air  Force  Base  (Section  B-5). 
b.  Equipment  Testing 

A  great  number  of  devices  for  shock  testing  of  equip¬ 
ment  are  in  use,  particularly  in  the  military  departments. 

The  individual  capabilities  of  these  devices  vary  widely  in  ac¬ 
cordance  with  the  shock  requirements  of,  and  the  type  of 
equipment  to  be  tested,  by  each  device. 

In  principle,  shock  testing  is  concerned  with  laboratory 
reproduction  of  equipment  damage  analogous  to  that  occurring 
in  field  service.  The  effect  of  a  shock  motion  on  equipment 
depends  not  only  upon  the  characteristics  of  the  motion  but 
also  on  the  properties  of  the  equipment  and  its  mounting.  In 
general,  the  shock  motion  that  occurs  in  any  given  field  con¬ 
dition  is  affected  by  many  variables,  and  the  characteristics 
of  the  motion  vary  significantly  front  one  occurrence  to  the 
other.  Thus,  shock  machines,  in  general,  have  not  been  de¬ 
signed  to  simulate  a  given  shock  condition,  but  rather  to  gen¬ 
erate  shock  motions  which  have  a  damage  potential  at  least  as 
great  as  any  probable  field  shock  for  which  protection  is  re¬ 
quired  (References  A,  29,  A.  30). 

There  are  basically  three  methods  of  specifying  shock 
tests  (References  A.  13,  A.  20,  A,  24,  A.  29).  First,  a  shock 
motion  can  be  specified,  A  shock  test  then  consists  of 
causing  the  points  of  attachment  of  the  item  under  test  to  par¬ 
take  of  this  motion.  Since  one  of  the  most  characteristic  fea¬ 
tures  of  shock  motions  is  their  infinite  variety,  an  "equiva¬ 
lent"  motion  is  usually  specified  in  terms  of  a  sudden  veloc¬ 
ity  change  or  as  an  acceleration  pulse  devoid  of  dominan.  f  re¬ 
quencies.  Second,  a  shock  spectrum  can  be  specified.  A 
shoe,;  test  then  consists  of  causing  the  points  of  attachment  of 
an  item  under  test  to  partake  of  a  motion  that  hao  this  spec¬ 
trum.  Third,  a  shock  machine  can  be  ipe.  .'led  together  with 
a  procedure  for  its  operation.  A  shock  test  then  consists  of 
mounting  the  test  item  to  the  machine  in  a  prescribed  manner 
and  of  operating  the  machine  according  to  the  given  procedure. 
This  method  of  specification  requires  that  those  responsible  for 
the  test  provide  a  machine  which  generates  appropriate  shock 
motions,  or  spectra,  that  is,  a  shock  with  the  damage  poten¬ 
tial  as  may  be  required. 


A-87 


Reference  A.  29  mentions  that  the  first  and  second  me¬ 
thods  of  specifying  shock  tests  are  somewhat  similar  and  im¬ 
practical  of  achievement  unless  the  items  under  test  are  per¬ 
fectly  rigid  or  relatively  light.  The  cause  of  the  difficulty  is 
the  reaction  of  the  load  on  the  test  machine,  that  is,  the  influ¬ 
ence  of  the  shock -machine  loading  on  its  shock  motions  or 
spectra.  This  reaction  causes  the  applied  shock  motions  to 
become  dependent  upon  the  nature  of  the  equipment  under  test, 
so  that,  unless  large  variations  are  permitted,  the  test  can¬ 
not  practically  be  made  as  prescribed.  The  only  practical 
solution  to  this  problem,  according  to  Reference  A.  29,  is  to 
consider  specified  values  of  shock  motions  or  spectra  as  nom¬ 
inal  values. 

In  the  specification  of  a  test  shock  motion,  it  is  con¬ 
sidered  necessary  to  specify  both  maximum  acceleration  and 
velocity  damage  because  most  equipment  items  comrpise  com¬ 
ponent  structures  with  a  wide  range  of  natural  frequencies 
having  responses  to  a  shock  motion  which  may  vary  widely 
depending  upon  the  ratios  of  the  duration  of  the  shock  loading 
to  the  natural  periods  of  the  equipment  components  (Reference 
A.  JO).  Similarly,  in  the  specification  of  a  shock  spectrum, 
it  is  necessary  to  specify  the  spectrum  throughout  its  fre¬ 
quency  range. 

A  number  of  shock  testing  machines  have  been  de¬ 
veloped  for  general  and  special  purposes,  particularly  for 
the  qualification  of  equipment  for  military  service.  See,  for 
example,  References  A.  13,  A.  20,  A.  23,  A.  24,  A.  26,  A.  29, 
and  A.  30 -A.  33  and  Section  B.  7,  Among  some  of  the  charac¬ 
teristic  types  of  shocks  produced  with  certain  of  these  de¬ 
vices  are  (1)  velocity  shocks  or  step  velocity  changes:  (2) 
simpl-t  shock  pulses,  such  as  s  half-sine  acceleration  pulse, 
a  rectangular  forco  pulse,  and  a  sawtooth  acceleration  pulse: 
(3)  single  complex  shocks;  and  (4)  multiple  s^cks. 

Several  devices  produce  shock  motions  having  spectra 
which  are  generally  equivalent  to  the  spectra  that  define  the 
shock  used  as  a  basis  for  the  design  of  equipment  in  hardened 
construction  sites.  These  devices  include  the  U.  S.  Navy 
high-impact  shock  machines  for  lightweight  and  mediumweight 
equipment,  a  medium-impact  send  drop  table,  and  a  vari- 
pulse  drop  table. 
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The  Navy  machines  (Reference  A.  29)  were  developed 
primarily  to  certify  naval  shipborne  equipment  for  shocks  of 
the  nature  and  intensity  that  might  occur  on  board  a  ship  that 
is  subjected  to  severe,  but  sublethal,  noncontact  underwater 
explosions.  They  are  intended  to  test  equipment  that  will  be 
secured  to  or  mounted  on  bulkheads  or  decks. 

The  machine  for  lightweight  equipment  is  used  for 
items  weighing  -p  to  250  lbs.  The  machine  can  apply  shocks 
along  three  mutually  perpendicular  axes  (one  at  a  time). 
Vertical  shocks  are  induced  by  allowing  a  400-lb.  weight  to 
fall  vertically  and  strike  the  top  edge  of  the  test  equipment 
mounting  plate.  Horizontal  shocks  are  produced  by  allowing 
a  400 -lb.  hammer  pendulum  to  swing  through  a  controlled  arc 
and  strike  the  back  of  the  equipment  mounting  plate.  The 
mounting  plates  can  be  rotated  90  degrees  so  that  the  hammer 
strikes  the  edge  of  the  plate,  thereby  inducing  a  shock  along 
the  third  orthogonal  direction.  Typical  acceleration  spectra 
obtainable  with  this  machine  for  a  57 -lb.  rigid  load  and  a  one- 
ft.  hammer  drop  are  characterised  by  limiting  displacements 
of  about  1.7  in. ,  limiting  accelerations  of  about  2000  g. ,  and 
limiting  velocities  of  about  90  in.  /sec.  which  rise  to  about 
300  in.  / sec.  near  an  acceleration  of  about  500  g. 

The  Navy  machine  for  mediumweight  equipment  ie  used 
for  objects  weighing  up  to  approximately  4500  lbs.  This  ma¬ 
chine  consists  principally  of  a  3000 -lb.  hammer  pendulum  and 
a  4000 -lb.  anvil.  The  hammer  can  be  dropped  from  a  con¬ 
trolled  maximum  height  of  5.  5  ft.  so  as  to  swing  around  on  an 
axle  and  strike  the  anvil  on  the  bottom,  giving  it  an  upward 
velocity.  The  anvil  is  permitted  to  travel  a  maximum  dis¬ 
tance  of  3  in.  before  being  stopped  by  a  ring  of  retaining  bous. 
For  a  4423 -lb.  rigid  load  attached  to  this  device,  and  a  5.  5-ft. 
hammer  drop,  typical  shock  spectra  are  characterised  by  a 
limiting  decelei  ation  bound  of  about  500  g. ,  a  limiting  dis¬ 
placement  of  about  3  in. ,  and  a  limiting  velocity  of  about  130 
in.  / sec.  which  increases  sharply  to  about  600  in.  /sec.  near 
the  limiting  acceleration  of  500  g. 

The  sand  drop  machine  mentioned  above  was  developed 
for  the  U.  S.  Air  Force  for  investigations  of  shock  effects  on 
airborne  equipment.  It  consists  basically  of  a  drop  table  the 
fall  of  which  is  arrested  by  a  sand  box  which  forms  the  base 


A-89 


of  the  machine.  An  adjustable  number  of  blocks,  attached  to 
the  underside  of  the  table,  penetrate  the  sand  and  determine 
the  magnitude  and  duration  of  the  stopping  acceleration.  The 
machines  are  made  of  different  sizes  so  that  loads  up  to  about 
1200  lbs.  can  be  accommodated.  The  height  of  free  fall  may 
be  varied  at  will  to  a  maximum  of  5  ft.  Therefore,  velocity 
changes  up  to  about  18  ft.  /sec.  can  be  produced.  For  a  free 
fall  of  13  in.  and  with  a  test  load  of  150  lbs. ,  this  device  pro¬ 
duces  a  shock  spectrum  having  a  peak  velocity  of  about  90  in.  / 
sec.  and  a  maximum  acceleration  of  about  100  g. 

The  abovementiored  varipulse  drop  table  is  a  recent 
modification  of  the  sand  drop  table.  Carefully  shaped  lead  or 
rubber -like  pellets  are  used  in  lieu  of  the  sand  and  wooden 
blocks  to  arrest  the  fall  and  produce  a  pulse  of  desired  shape. 
Maximum  equipment  weights  of  about  40«  lbs.  can  be  accom  - 
modated  with  this  device.  Representative  shock  spectra  are 
similar  to  that  of  the  sand  drop  device.  Peak  velocity  chan¬ 
ges  of  IS  to  20  ft.  /sec.  can  be  produced. 

It  is  noted  that  the  size  and  weight  of  equipment  that 
can  be  tested  on  the  sand  drop  or  varipulse  shock  machines 
are  limited.  Furthermore,  the  drop  machines  induce  ver¬ 
tical  shocks  only,  and  special  equipment  mounts  must  be  em¬ 
ployed  to  orient  the  equipment  parallel  to  the  vertical  axes  of 
the  test  structure  so  that  shocks  can  be  delivered  along  other 
axes.  Several  modified  drop  test  machines  have  been  de¬ 
signed  to  overcome  this  mounting  difficulty.  These  include 
ramped  slides,  trapeze  mounts,  and  horizontal  buffers. 

It  should  be  recognised  that  a  variety  of  shock  spectra 
are  obtainable  from  any  particular  machine  depending  upon 
the  mode  of  operation.  The  spectra  are  influenced  by  the 
weight  of  the  equipment  under  test,  by  the  method  of  attaching 
the  equipment  to  the  machine,  and  by  the  energy  input  to  the 
machine,  (i.e. ,  by  the  height  of  the  hammei  pendulum  fall 
in  the  case  of  the  Navy  machines  or  by  the  height  of  free  fail, 
including  the  block  arrangement,  sand  density,  or  pellet  ar¬ 
rangement  in  the  case  of  the  drop  testing  machines).  For  the 
Navy  machines,  the  height  of  hammer  blows  should  be  speci¬ 
fied  so  as  to  provide  s  shock  test  spectrum  which  equals  or 
exceeds  the  design  (ground  shock)  spectrum  througnout 
frequency  range.  This  requires  that  the  height  of  the  hammer 
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drop  be  selected  to  induce  a  load  velocity  equal  to  or  greater 
than  the  specified  response-spectrum  velocity.  When  pre¬ 
paring  drop  test  specifications,  the  height  of  fall  and  the 
block  and  sand  (or  pellet)  arrangements  should  be  selected  on 
the  basis  of  acceleration  requirements;  the  resulting  displace¬ 
ments  and  velocities  will  generally  exceed  specified  spectrum 
values. 


Weight  limitations  of  both  the  Navy  high-impact  shock 
facilities  and  the  drop  test  machines  pose  the  problem  of  how 
to  test  large  and  heavy  units  of  equipment,  such  as  diesel  en¬ 
gines  and  refrigeration  compressors.  In  some  instances,  this 
problem  has  been  resolved  by  subjecting  the  equipment  to 
simple  drop  tests  wherein  the  equipment  is  allowed  to  fall 
freely  from  a  predetermined  height  onto  a  rigid  or  resilient 
base.  The  height  of  the  drop  is  the  height  which  results  in  an 
impact  velocity  equal  to  the  maximum  spectrum -velocity 
bound.  The  resiliency  of  the  base  against  which  the  equip¬ 
ment  collides  determines  the  experimental  spectrum  acceler¬ 
ation  bound,  which  should  equal  or  exceed  the  specified  bound. 

Selected  equipment  items  havs  bssn  tsstsd  undsr  various 
Fsderal  programs  for  uss  in  hardsntd  construction  sitss 
(Rsfersncss  A.  24  and  A.  26).  Some  tests  for  hardsnsd-sits 
equipment  havs  usually  bssn  performed  with  drop-type  test 
(..achincs  (References  A.  2),  A.  26).  For  example,  in  the  cer¬ 
tification  of  certain  electrical  and  electronic  equipments  for 
the  Titan  Weapon  System,  two  drop  testers  havs  been  em¬ 
ployed:  a  sand  drop  table  and  a  “trape»e“  spring  drop  table 
(Reference  A.  26).  The  method  of  certifying  the  equipment 
consisted  basically  of  exposing  the  equipment  to  a  shock  which 
Md  a  shock  spectrum  that  equated  or  exceeded  a  specif,.' 

Titan  ground-shock  spectrum  throughout  its  frequency  range. 
The  sand  drop  table  employed  in  the  tests  is  basically  the 
same  as  that  described  earlier.  The  spring  drop  table  t>un  - 
sists  basically  of  a  platform  which  is  rsK  .sett  from  a  prede¬ 
termined  height  and  which  is  arrested  by  an  aaaembly  of 
spring -loaded  snubbing  blocks.  Its  shock  motions,  or  spec¬ 
tra,  are  controlled  by  varying  the  spring  tension  and  the 
height  of  fall. 

Testa  have  been  conducted  on  equipment  to  be  mountsd 
upon  shock  -isolated  floors  and  structures  by  using  spring- 
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mounted  test  platforms  or  by  using  the  actual  shock-isolated 
floors  or  structures  (Reference  A.  23).  With  regard  to  the 
Minuteman  Weapon  System  Launch  Control  Center,  shock 
testing  of  its  air -spring  suspension  equipment  platform  with 
the  equipment  mounted  on  the  platform  is  contemplated  using 
a  shock-testing  facility  at  the  Air  Force  Special  Weapons 
Center  (Sections  ti-i  and  13-5).  Some  experimental  studies  of 
responses  of  missiles  and  their  shock  isolation  structures 
have  been  carried  out  at  actual  hardened  sites,  basically, 
these  studies  consisted  of  displacing  the  isolation  structures  a 
predetermined  amount  by  some  type  of  jacking  mechanism  and 
then  releasing  them  so  that  the  responses  could  be  measured 
and  compared  with  theoretical  predictions. 


A-6.2  Summaries  of  Information 
Obtained  from  References 

a.  Summary  of  Reference  A.  7 


This  reference  presents  a  section  devoted  to  a  discus¬ 
sion  of  methods  and  instrumentation  used  for  mechanical 
shock  and  vibration  studies  «n  man  end  animals.  A  summary 
of  the  characteristics  of  shock  and  vibration  machines  used 
for  human  and  animal  experiments,  ss  well  as  the  ranges  of 
time  and  acceleration  obtainable  with  certain  devices,  is  pre¬ 
sented.  References  ars  made  to  papers  describing  the  use  of 
the  machines  for  biological  purposes. 

It  i*  stated  in  the  discussion  that  the  desire  to  study 
the  physical,  physiological,  and  psychological  responses  of 
biological  specimens  in  the  laboratory  under  well -controlled 
condition*  has  led  to  the  use  of  standard  and  specialised  shock 
and  vib.auon  testing  machines  for  experiments  on  man  and 
animals.  An  accurate  simulation  of  the  environmental  con¬ 
ditions  to  which  man  is  exposed  frequently  is  ot  feasible  for 
technical  and  economic  reasons  nr  may  even  be  undesirable 
becauee  of  a  need  for  more  systematic  investigation  under 
somewhat  simplified  conditions.  Thus,  most  investigations 
are  limited  to  a  study  of  a  single  degree  of  freedom  at  a  Ume 
in  which  the  human  lest  specimen  is  vibrated  only  in  one 
direction.  Many  fundamental  studies  are  performed  with 
sinusoidal  forces.  Usually  mechanical  and  electrodynamic 
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shake  tables  are  employed  for  this  purpose.  Requirements 
for  all  shock  and  vibration  machines  include:  adequate  safety 
precautions,  safe  and  accurate  control  of  the  exposure,  and 
sufficient  load  capacity  for  subject,  seat,  and  instrumenta¬ 
tion.  Since  the  law  of  superposition  is  valid  only  in  a  linear 
physical  domain,  sinusoidal  forces  alone  are  not  adequate  for 
the  study  of  non-linear  physical  responses  or  physiological 
and  psychological  reactions  to  complex  force  functions. 
Therefore,  tome  of  the  machines  listed  are  designed  uniquely 
for  exposure  of  humans.  One  vertical  for  ex¬ 

ample,  employs  a  friction -drive  mechanism  to  permit  the 
simulation  of  large -amplitude  sinusoidal  and  random  vibra¬ 
tions,  such  as  those  encountered  in  buffeting  durine  tow-alti¬ 
tude,  high-speed  flight  or  anticipated  during  the  launch  or 
reentry  phases  of  spacecraft.  This  device  can  be  programmed 
with  acceleration  recordings  obtained  under  actual  flight  con¬ 
ditions.  Other  machines  for  the  study  of  human  tolerance 
to  ejection  from  high-spesd  aircraft  (ejection  seutj  have  up¬ 
ward  or  downward  acceleration  tracks  with  sliding  ssats  pro¬ 
jected  by  explosive  charges.  Horisontal  tracks  with  rocket- 
propelled  sleds  which  can  bs  stopped  by  epeciel  braking  me¬ 
chanisms  have  been  used  to  study  ths  sffects  of  linear  decel¬ 
eration  similar  to  thoss  occurring  in  automobila  or  air¬ 
craft  crashes, 

b.  Summary  of  Reference  A,  ft 

See  Section  A-<4.  2b. 

c.  Summery  of  Rererence  A.  10 

See  Section  A-4.  2d. 

d.  Summary  of  Reference  A,  I? 

This  reference  contains  s  section  de  -led  to  e  discus¬ 
sion  of  shock  t* sting  of  equipment  for  hardened  construction 

sites. 


It  is  stated  that  it  is  usually  possible,  in  connecting 
equipment  to  a  structure,  to  arrange  to  have  tbe  connecting 
elements  provide  some  flexibility  of  deformability  so  as  to 
permit  the  element  to  experience  e  tower  acceleration  than  it 
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would  have  if  it  were  connected  through  a  rigio*  connection  to 
a  moving  base.  Because  of  the  wide  variety  of  mounting  con¬ 
ditions,  it  is  desirable  to  investigate  the  behavior  of  the  equip¬ 
ment  system,  including  its  connections,  preferably  by  means 
of  tests  of  a  standardized  nature,  involving  subjecting  the 
equipment  and  its  typical  mounting  to  a  shock  input  similar  to 
that  which  might  be  experienced  under  practical  conditions. 
Such  shock  testing  can  be  done  with  equipment  in  government 
laboratories  or  on  shock  tables  or  other  similar  items  of 
she,.k  testing  equipment,  and  the  design  of  equipment  and 
mounting  configurations  is  best  carried  out  with  a  trial  and 
error  procedure  which  involves  retesting  of  such  items  until 
a  satisfactory  solution  is  achieved  for  a  standardised  type  of 
input.  Usually  this  input  is  stated  in  terms  of  a  particular 
kind  of  velocity -time  relationship  for  the  base  plate  or  part  of 
the  structure  where  the  equipment  and  mounting  are  to  he  at¬ 
tached. 


It  is  also  stated  that  shock  testing  of  items,  including 
both  the  equipment  and  typical  mountings,  can  be  performed 
on  the  high-impact  shock-testing  machines  at  ths  Naval  Re¬ 
search  Laboratory,  and  ths  results  would  be  applicable  to  the 
situation  in  a  structure  subjected  to  an  earth  shock  provided 
that  the  shock  input  on  ths  shock-tasting  machine  leads  to  a 
response  spectrum  similar  to  the  response  spectrum  from 
the  ground  shock  environment. 

It  is  further  stated  that,  in  order  to  use  the  data  on  the 
high-impact  shock -testing  machines  for  the  purpose  of  investi¬ 
gating  the  behavior  of  equipment  subjected  to  ground  shock  in 
a  protected  structure,  one  must  ascertain  that  the  kind  of 
motion  of  the  shock  table  corresponds  to  the  motion  of  the 
structure  subjected  to  ground  shock.  It  is  sufficient,  how¬ 
ever,  ‘hat  the  reeponee  spectra  for  the  two  kinds  of  shock  in¬ 
put  he  similar.  Lf  they  are  reasonably  simitar  in  shape  and 
magnitude,  then  the  reeulte  of  the  shock  test  in  be  used  in 
designing  equipment  for  field  conditions.  If  they  are  differ¬ 
ent,  then  it  may  be  possible  still  to  use  the  data  to  invest!  - 
gale  the  vulnerability  to  shock  of  the  item  of  equipment,  and 
of  its  mounting,  by  deriving  from  the  available  shock -test 
data  the  combination*  <>i  frequency  and  cither  velocity  or  ac¬ 
celeration  which  produce  damage  to  the  particular  item  of 
equipment.  Such  analyses  of  available  shock  data  have  not  yet 
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been  made  except  in  isolated  cases. 


e.  Summary  of  Reference  A.  17 

See  Section  A-4.  2k. 

f.  Summary  of  Reference  A.  20 

This  reference  presents  a  discussion  of  shock  testing 
and  shock-testing  machines  with  emphasis  on  those  machines 
which  can  simulate  the  effects  of  the  design  ground  shock 
environment.  Several  wave  forms  (shock  pulses)  generated 
by  different  devices  are  presented.  Each  of  the  wave  forms  is 
classified  as  being  one  of  three  general  types:  velocity  shock, 
simple  shock  pulse,  and  single  complex  pulse.  The  influence 
of  shock -machine  loading  on  output  characteristics  is  dis  ¬ 
cussed.  Several  of  the  standard  shock-testing  machines  used 
most  frequently  in  validating  equipment  for  underground  pro¬ 
tective  structures  are  described  in  some  detail.  These  include 
the  U.  S.  Navy  High-Impact  Machines  for  Lightweight  and 
Mediumweight  Equipment;  a  Medium -Impact,  Variable- 
Duration.  Shock-Testing  Machine;  Plastic -Pellet  Drop  Tables; 
an  Inclined -Plane  Testing  Machine;  and  the  Hyge  Shock  tester. 
Improvised  shock  tests  are  also  discussed.  It  is  mentioned 
that,  if  a  shock  test  spectrum  envelopes  the  design  spectrum 
at  all  frequencies,  presumably  the  equipment  will  withstand 
the  service  shock  successfully. 

g.  Summary  of  Reference  A,  23 

This  reference  presents  a  section  devoted  to  a  discus¬ 
sion  of  shock  testing  of  equipment  for  hardened  facilities. 

It  is  mentioned  that  the  shock  capabilities  of  equip¬ 
ment  for  hard  sites  have  been  determined  by  two  principal 
methods  in  the  past:  (1)  dynamic  analysis  bud  (2)  shock  test, 
usually  with  a  drop-test  machine.  II  is  also  mentioned  that 
relatively  inexpensive  tests  have  been  pel  formed  on  equip¬ 
ment  to  he  mounted  upon  isolated  floors  and  structures  by  us¬ 
ing  spring -mounted  test  platforms  or  by  using  the  actual 
shock  isolated  structure. 

It  is  stated  that,  "shock  tests  using  the  machines  which 
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are  presently  available  are  less  than  satisfactory  for  a  num¬ 
ber  of  reasons.  The  first  is  that  they  do  not  reproduce  the 
environment.  The  present-day  machines  frequently  subject 
the  equipment  to  a  step-velocity  disturbance.  " 

"Step-velocity  pulses  penalize  both  low  and  high  fre¬ 
quency  systems.  The  high-frequency  systems  are  penalized 
because  there  is  no  limit  on  the  acceleration  which  can  be 
imposed  on  them.  " 

"More  and  more,  machines  are  being  used  which  pro¬ 
vide  an  acceleration  ramp  prior  to  the  constant  velocity  por¬ 
tion.  ?hat  is,  a  short  period  of  acceleration  precedes  the 
constant  velocity.  These  types  of  pulses  can  penalise  low- 
frequency  equipment  rather  severely,  since  low-frequency 
systems  see  the  pulse  as  a  step  velocity  even  though  there 
may  be  a  ramp  in  the  pulse.  " 

"The  principal  parameters  which  an  acceleration- 
t amp- velocity  pulse  of  a  shock  machiue  should  have  can  be 
determined  from  the  shock-response  spectrum  of  the  environ¬ 
ment.  The  acceleration  ramp  has  the  acceleration  value  of 
the  spectrum  constant  acceleration  line  and  the  maximum 
shock -pulse  velocity  should  equal  the  maximum  spectrum  vel¬ 
ocity.  In  most  ground  shock  situations,  there  will  be  verti  - 
cal  and  horisontal  ground  motions  occurring  simultaneously. 
Properly  speaking,  a  shock  machine  should  deliver  distur¬ 
bances  to  equipment  along  several  axes  at  once.  In  order  to 
do  this,  the  shock-pulse  parameters  should  be  obtained  from 
a  vectorial  addition  of  the  vertical  and  horisontal  ground 
shock  spectra,  and  the  equipment  should  be  mounted  in  the 
machine  at  an  angle  so  that  the  shock  is  applied  along  sever¬ 
al  axes  simultaneously,  Unfortunately,  this  appears  not  to 
have  Seen  done  in  the  past,  which  seems  to  be  unconserva¬ 
tive.  Instead,  the  equipment  has  been  subjected  to  the  shock 
along  each  principal  axis  separately  which  -'ey  not  be  equiv¬ 
alent  to  a  simultaneous  application  along  several  axes.  ” 

h.  Summary  of  Reference  A,  24 


This  reference  contains  a  section  describing  several 
shock -testing  facilities  which  produce  shock  motions  having 
spectra  generally  equivalent  to  typical  ground-shock  design 


spectra.  These  facilities  include  the  U.  S.  Navy  high-im¬ 
pact  shock  stands  for  lightweight  and  mediumweight  equip¬ 
ment,  a  sand -drop  shock  machine  and  a  varipulse  shock  ma¬ 
chine.  Representative  shock  spectra  for  these  devices  are 
presented,  and  methods  of  specifying  shock  tests  are  dis¬ 
cussed.  These  methods  include  the  specification  of  shock 
motion,  spectra,  and  shock  machines.  Improvised  shock 
tests  are  also  discussed. 

i.  Summary  of  Reference  A.  26 

This  reference  describes  shock-testing  procedures  and 
testing  facilities  used  by  Westinghouse  to  certify  equipment 
for  the  Titan  Weapon  System.  The  method  of  performing  the 
tests  consisted  of  exposing  the  equipment  to  a  shock  which  had 
a  spectrum  that  equaled  or  exceeded  a  specified  Titan  ground- 
shock  spectrum  throughout  its  frequency  range.  To  produce 
the  necessary  shock  spectrum,  two  drop  teste,  s  were  em¬ 
ployed:  a  sand -drop  table  and  a  "trapese"  spring -drop  table. 
The  sand  drop  table  consists  basically  of  an  equipment 
mounting  platform  which  is  allowed  to  free  fall  onto  a  bed  of 
eand.  An  adjustable  number  of  blocks  attached  to  the  under¬ 
side  of  the  platform  penetrate  the  sand  to  arrest  the  fall.  The 
shock  spectrum  can  thus  be  controlled  by  varying  the  number 
of  blocks,  fits  density  of  the  eand.  and  the  height  of  the  fall. 
The  epring-drop  table  consists  basically  of  a  platform  which 
is  released  from  a  predetermined  height  and  which  is  ar¬ 
rested  by  an  assembly  of  spring-loaded  snubbing  blocks.  The 
shock  spectrum  can  be  controlled  by  varying  the  spring 
tension  and  the  height  of  fall. 

j.  Summary  of  Reference  A,  28 

This  report  briefly  describes  the  p  eposes,  design 
principles,  motion  capabilities,  and  control  and  safety  fea¬ 
tures  of  some  forty  facilities  designed  to  s  „dy  the  effects  of 
linear  and  angular  oscillations  and  of  abrupt  acceleration  on 
human  safety  and  performance.  Some  facilities  presently 
1 1961)  under  study  but  not  yet  built  are  also  included,  {holo¬ 
graphs  or  schematic  drawings  of  the  design  are  piesented  for 
those  devices  for  which  they  are  available.  The  report  in¬ 
cludes  the  geographical  locations  of  the  facilities  and  the  con¬ 
tact  point  for  obtaining  further  information  on  each. 
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In  general,  only  devices  built  specifically  for  human 
factors  research  and  which  have  been  used  for  this  purpose 
are  listed.  Only  a  few  devices  are  listed  which  have  been 
used  for  animal,  dummy,  or  equipment  tests  rather  than  for 
tests  on  humans.  These  are  listed  because  of  their  potential 
interest  for  experiments  using  human  subjects. 

A  brief  survey  of  the  characteristics  of  most  of  the 
devices  described  is  presented  in  a  summary  chart  on  oscil¬ 
lation  and  impact  devices.  In  this  chart  the  devices  are 
grouped  according  to  their  motion  capabilities.  The  described 
motion  capabilities  include:  (1)  vibration  in  a  vertical  line; 

(2)  vibration  in  a  longitudinal  line;  (3)  vibration  in  both  a 
longitudinal  and  vertical  line;  (4)  vibration  in  a  vertical, 
lateral,  and  longitudinal  line;  (S)  rotation  in  a  horisontal 
plane  and  in  one  vertical  plane;  (6)  rotation  in  three  planes; 

(7)  linear  vibration  and  rotation  combined;  (8)  sustained  ac¬ 
celeration  and  linear  vibration;  (9)  sustained  acceleration, 
linear  vibration,  and  rotation;  (10)  rotation  in  a  horisontal 
plane  and  in  one  vertical  plane;  (11)  rotation  in  three  planes; 
(12)  linear  vibration  and  rotation  combined;  (13)  sustained  ac¬ 
celeration  and  linear  vibration;  (14)  sustained  acceleration, 
linear  vibration,  and  rotation;  (15)  impact  or  abrupt  accelera¬ 
tion  in  the  vertical  direction  (10)  impact  or  abrupt  accelera¬ 
tion  in  the  horisontal  direction. 

According  to  the  data  in  this  reference,  the  maximum 
acceleration  obtainable  with  a  certain  oscillatory  device  is 
about  20  g.  in  the  high-frequency  range  up  to  2000  c.  p.  s. 

The  maximum  acceleration  obtainable  with  the  oscillatory  de¬ 
vices  generally  decreases  as  the  frequency  decreases,  in  the 
frequency  range  from  about  8  to  50  c.  p.  s. ,  a  certain  de¬ 
vice  can  deliver  up  to  15  g.  In  the  low-frequency  range  be 
tween  about  one  and  8  c.  p.  s. ,  certain  large  amplitude  de¬ 
vices  can  deliver  accelerations  in  the  order  of  3  to  5  g. ,  and 
even  higher  aboue  5  c.  p.  s.  Certain  devices  '  r  simulating 
angular  motions  in  roll,  pitch,  and  yaw  can  produce  emptier 
accelerations  on  the  order  of  about  18  to  20  rad.  /see.*. 
Certain  impact  or  abrupt  acceleration  devices,  mainly  drop 
towers,  can  deliver  about  40  to  50  g.  for  durations  from 
about  5  to  10  msec.  Other  devices,  mainly  rocket  sleds  on 
tracks,  can  deliver  about  80  to  100  g.  for  durations  in  the 
order  of  10  to  1000  msec.  In  general,  the  acceleration 
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obtainable  with  certain  impact  and  abrupt  linear  accelerators 
(as  well  as  decelerator s)  decreases  as  the  duration  increases. 


k.  Summary  of  Reference  A.  29 

In  this  reference,  descriptions  are  given  of  the  Navy 
High  Impact  Shock  Machines  for  lightweight  and  mediumweight 
equipment.  Shock  motions  are  given  for  standard  loading 
conditions  in  terms  of  acceleration,  velocity,  and  displace¬ 
ment-time  relations.  Maximum  values  of  velocities  and  dis¬ 
placements,  and  of  accelerations  passed  by  various  low-pass 
filters,  are  presented.  Shock  spectra  are  presented  for  se¬ 
lected  conditions.  Concepts  relative  to  the  specification  of 
shock  tests  are  considered.  These  include  brief  considera¬ 
tions  of  analyses  of  shock  motions,  methods  of  specifying  a 
shock  test,  and  what  is  meant  by  simulatio,.  of  field  condi¬ 
tions.  It  is  indicated  that  shock  tests  should  not  be  specified 
in  terms  of  shock  motions,  or  spectra,  unless  the  values 
specified  be  considered  only  as  nominal  val.ies. 


1.  Summary  of  Reference  A,  30 

This  reference  provides  descriptions  of  existing  types 
of  shock  testing  machines  and  comments  on  their  use.  Also 
presented  are  a  discussion  of  the  damage  process  in  equip¬ 
ment  subjected  to  shock,  an  analysis  of  various  shock  motions 
and  the  resulting  responses  of  equipment  to  indicate  require¬ 
ments  of  a  shock  testing  machine  for  simulating  various  types 
of  shock  occurring  in  actual  service,  and  die  possibilities  for 
improvising  shock  tests  as  a  substitute  for  tests  on  standard 
testing  machines. 


—  Nummary  of  Reference 


A.  II 


This  reference  presents  a  summary  of  shock -machine 
characteristic :  and  describes  some  1$  existing  machines.  The 
machines  are  grouped  am*  discr.bed  according  to  the  types  of 
shocks  they  produce,  e.  g. ,  velocity  shocks:  simple  shock 
pulses,  such  as  a  half-s<*e  or  rectangular  force  pulse:  single 
complex  shocks;  multiple  shocks:  etc.  A  summary  tabula¬ 
tion  of  the  devtcee  is  presented,  including  several  output 
characteristics.  Methods  of  specifying  a  shock  test  are  dis¬ 
cussed,  namely,  (1)  s  specification  of  the  shock  motions  or 


spectra  to  which  the  item  under  test  is  subjected,  and  (2)  a 
specification  of  the  shock  machine,  the  method  of  mounting 
the  test  item,  and  the  procedure  for  operating  the  machine. 

n.  Summary  of  Reference  A.  32 

This  two-part  report  includes  a  listing  of  shock-testing 
equipment  in  government  establishments.  In  Part  I  are  listed 
Army,  Navy,  Air  Force,  and  non-military  establishments, 
the  items  of  test  equipment  which  each  possesses,  and  some 
information  on  the  performance  capabilities.  Part  U  lists  the 
performance  capabilities  of  certain  arbitrarily  chosen,  com¬ 
mercial  ranges  of  equipment. 

o.  Summary  of  Reference  A.  33 

This  report  describes  some  25  shock  testing  facilities 
available  at  the  Naval  Ordnance  Laboratory  for  simulating  the 
shocks  experienced  by  various  types  of  ordnance  items  (mines, 
torpedoes,  and  guided  missiles,  for  example)  under  actual 
service  conditions  as  well  as  under  handling  and  shipping.  The 
capabilities  and  limitations  of  the  equipment  are  presented. 

The  types  of  equipment  include  air  guns,  drop  testers,  rotary 
testers,  and  rough-handling  machines. 
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SECTION  A-7 


CURRENT  TECHNIQUES  USED  FOR  SHOCK  ISOLATION 


A-7.  1  Discussion  and  Evaluation 


a.  General 


Current  techniques  used  for  shock  isolation  hava  been 
investigated  as  summarised  in  this  section.  Two  basic  iso¬ 
lation  methods  are  considered  to  be  applicable  in  providing 
shock  protection  for  the  contents  of  hardened  structures:  (1) 
Shock  Isolation  Systems  and  (2)  Protective  Cushioning  Mater¬ 
ials. 


Shock -isolation  systems  consist  of  such  arrangements 
as  interior  platforms  and  interior  structures  either  mounted 
cn  springs  connected  to  the  base  of  the  structure  or  suspended 
from  the  roof  of  the  structure  by  means  of  pendulum  springs. 
Individual  shock  mounting  or  suspension  of  individual  items 
of  equipment  is  also  used.  Shock -mounted  and  suspended 
platforms  and  structures  serve  to  support  both  equipment  and 
personnel. 

Protective  cushioning  materials  are  considered  as  an 
alternate  method  of  providing  shock  protection  for  personnel. 
This  consists  of  energy -absorbing  materials  used  as  a  floor 
or  wall  covering,  etc. ,  to  protect  personnel  subjected  to 
Impact  with  the  structure  during  the  transient  ground-shock 
motions. 

Depending  on  the  pressure  level  and  personnel  anu 
equipment  tolerance  criteria,  a  combination  of  the  two  isola¬ 
tion  methods  may  he  utilised,  for  example,  equipment  could 
he  mounted  on  a  separate  isolated  piatforn  and  protective 
cushioning  material  provided  in  the  personnel  areas.  For 
small  etructures,  separate  shock  mounting  of  individual 
items  of  equipment  may  he  appropriate. 

Pertinent  data  concerning  the  two  protection  methods 
were  reviewed  as  eummari  sed  in  Section  A-7. 2.  A  brief 
discussion  of  this  information  is  presented  below.  The 


applicability  of  these  shock  isolation  methods  to  civil  defense 
shelters  is  presented  in  Chapters  V  and  VI. 

b.  Shock  Isolation  Systems 

Several  types  of  hardened  military  structures  have  been 
provided  with  interior  shock-isolation  support  systems,  e.  g. , 
missile  silos,  launch  control  renters,  combat  operation  cen¬ 
ters,  etc.  Examples  of  such  systems  are  reported  in  Refer¬ 
ences  A,  20,  A.  23,  and  A.  34-A.  39. 

For  shock  protection  of  missile  systems  (Atlas,  Titan, 
Minuteman,  etc.),  the  shock -isolation  support  system  tom* 
rnonly  utilised  consists  of  a  pendulum  suspension  arrange¬ 
ment.  The  struts  of  the  pendulum  contain  a  vertical  spring  to 
attenuate  vertical  accelerations,  and  the  pendulum  motion 
provides  sufficient  flexibility  to  attenuate  horisontal  acceler¬ 
ations.  In  some  cases,  horisontal  damping  devices  are  used 
to  damp  out  the  pendulum  oscillations  and  to  provide  stability 
where  necessary.  The  vertical  springs  generally  consist  of 
helical  compression  springs  mounted  within  the  vertical 
struts.  Other  types  of  vertical  springs  used  or  considered  are 
air  springs  and  liquid  springs  which  are  also  mounted  within 
the  pendulum  struts. 

The  pendulum  suspension  systems  are  generally  of 
low  frequency  in  the  vertical  as  well  as  the  horisontal  direc¬ 
tions  resulting  in  latge  displacements  (equal  to  peak  shock 
epeetrum  displacement).  Rattle  space  equal  to  this  peak 
displacement  is  provided  around  the  interior  suspended  struc¬ 
ture  between  the  interior  structure  and  the  concrete  shell. 

Pendulum  suspension  systems  have  also  been  used  to 
ieolate  other  hardened  structures,  such  as  missile  launch 
control  centers  and  combat  operation  centers.  For  these 
structures,  equipment  to  he  protected  is  mon  *ed  on  the  sus¬ 
pended  platforms.  These  platforms  also  support  personnel. 
Oth tr  types  of  isolation  systems  used  in  hardened  facilities 
consist  of  spring  b«am*  and  helical  compression  springs  used 
ae  a  base  mounting  (or  platforms  and  individual  equipment 
items.  Horisontal  helical  compression  springs  are  used  to 
provide  stability  for  tall  equipment  items.  Overhead  items, 
such  as  fluorescent  lights,  are  suspended  by  helical  tension 
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springs  attached  to  the  ceiling. 

For  the  ground  shock  motions  considered  in  this 
study,  coil  springs  would  be  practical  for  satisfying  required 
spring  rates  and  displacements  (Section  B-3).  Non-linear 
springs  would  not  be  advantageous  for  the  displacements  being 
considered  (Sections  B-3  and  B-5). 

Air  springs  are  advantageous  for  very  large  displace¬ 
ments  (above  2  ft. ).  For  displacements  in  the  order  of  t  to 
1-1/2  ft, ,  helical  compression  springs  provide  an  effective 
design.  The  disadvantages  of  air  springs  are  (1)  reduced  re¬ 
liability  due  to  leakage  problems  and  (2)  difficulty  in  testing 
(Section  B-3). 

Methods  of  analysis  for  the  various  types  of  shock- 
isolation  systems  are  presented  in  References  A.  20,  A.  3$ 
and  A.  39. 

c.  Protective  Cushioning  Materials 


The  principal  uses  of  cushioning  materials  for  the  pro¬ 
tection  of  personnel  against  impact  Injury  have  been  in  auto¬ 
mobiles  and  airplanes.  Some  use  has  been  made  of  these  ma¬ 
terials  in  athletic  equipment  in  various  forms.  Ensolite  (a 
flexible  polyvinyl  chloride  foam)  has  been  used  extensively  as  a 
cushioning  material  for  boxing  and  wrestling  rings  and  gym 
mats.  Protective  dothing,  such  as  helmets,  padding,  and 
shoes,  has  been  used  by  athletes  as  well  as  military  personnel 
The  value  of  restraining  devices,  such  as  lap  and  »b«u>der 
belts,  etc. ,  has  been  well  demonstrated  in  automobile  crashes 
and  in  aircraft  accidents.  Cushioning  materials  have  also  -uen 
used  to  some  extent  for  the  padding  of  dashboards  and  other 
hard  surfaces  in  automobiles  and  in  aircraft  to  protect  a- 
gainst  human  impact  injury. 

Few  test  data  are  available  regarding  the  effectiveness 
of  cushioning  matatlals  la  preventing  Injury  to  human  beings. 
Some  general  qualitative  information  is  available  from  exper¬ 
ience  in  automobile  and  airplane  crashes,  but  specific  quan¬ 
titative  data  are  lacking.  It  has  been  found  that  restraining  de¬ 
vices  (seat  belts,  shoulder  straps,  etc. ),  protective  clothing 
(helmets,  torso  girdles,  etc. )  and  padding  of  corners  and 
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hard  surfaces,  are  all  effective  means  of  reducing  injury  from 
impact  of  the  human  body  in  crashes  (References  A.  7,  A,  41 
and  A.  42)  and  are  recommended  for  use  in  nuclear  blast  shel¬ 
ters  (Sections  B-4,  B-5,  B-6,  B-7,  and  B-8). 

Most  of  the  work  performed  on  padding  and  energy¬ 
absorbing  materials  has  been  in  the  field  of  package  cu  ikicr. 
ing.  The  need  for  protecting  sensitive  items  during  ship¬ 
ment  (in  particular,  expensive  guided  missile  components  and 
electronic  instruments)  has  spurred  considerable  research  in 
the  field  of  package  cushioning  materials  and  methods  of  de¬ 
sign  (Reference  A.  40).  At  the  present  time,  data  on  cushion¬ 
ing  materials  and  design  procedures  for  equipment  are  rela¬ 
tively  well  established  as  shown  in  Reference  A.  40, 

Similar  procedures  may  be  used  in  the  design  cf  pad¬ 
ding  for  personnel.  The  major  difficulty  in  designing  for  per¬ 
sonnel  protection  is  the  leek  of  impact  tolerance  data  in 
terms  of  allowabit  strsss  or  “g*‘  loading.  Information  that  is 
available  on  personnel  tolerances  has  been  reported  either  aa 
an  Impact  velocity  or  as  an  impact  energy  on  a  hard  flat  sur¬ 
face  (eee  Section  A-4  and  Reference  A.  10)  primarily  because 
of  the  difficulties  involved  in  obtaining  actual  stress  data. 

These  data  are  not  directly  applicable  to  the  design  of  padding. 

However,  somewhat  arbitrary  but  safe  estimates  of 
Impact  shock  values  for  the  human  skull  have  been  ueed  for 
evaluating  padding  (Reference  A.  4)).  The  values  are  given 
in  terms  of  acceisration,  rate  of  acceleration,  pressure,  and 
impulse. 

A  wide  variety  of  energy -absorbing  material*  are 
available  for  use  at  protective  padding  (Reference  A.  40).  The 
general  claeeificationt  are  flexible  (flexible  or  resilient)  and 
rigid  (crushable,.  Per  padding  in  shelters,  the  elastic  mater¬ 
ials  are  the  only  suitable  type  since  the  non-elastic  materials 
are  appropriate  for  a  single  impact  only.  Among  the  most 
suitable  materials  «•*  the  plastic  foams,  ineluding  polyvinyl 
chloride  foams  (CnsolUe),  flexible  polystyrene  foams,  poly¬ 
urethane  foams,  and  polyethylene  foams,  latex  hair,  and  foam 
and  sponge  rubber.  The  more  elastic  materials,  such  as  the 
latex  foams  and  sponge  rubber,  are  less  desirable  because 
of  their  poorer  energy -absorbing  properties.  Nets  or 


inflatable  materials  may  also  be  used  (Section  B-6). 


The  requirements  for  protective  cushioning  materials 
in  blast  shelters  are  based  principally  on  the  possibility  of 
personnel  being  thrown  about  in  the  structure  and  being  sub* 
ject  to  injury  when  striking  hard  surfaces  and  sharp  objects. 
Procedures  for  establishing  the  need  for  cushioning  are  pre- 
tented  in  Reference  A.  39. 


A*?.  2  Summaries  of  Information 
Obtained  from  References 

a.  Summary  of  Reference  A.  ^ 

In  addition  to  the  information  presented  on  shock  tol¬ 
erances  as  discussed  in  Section  A-4,  some  data  are  also  pre¬ 
sented  on  protection  methods  and  procedures.  Most  of  these 
data  are  not  related  directly  to  the  ground-shock  .uroblem. 

The  pertinent  information  is  summarised  below. 

Protection  of  man  against  mechanical  forces  is  ac¬ 
complished  in  two  ways:  (1)  isolation  to  reduce  the  transmis¬ 
sion  uf  the  forces  to  the  man  and  (2)  increase  of  man’s  resist¬ 
ance  to  the  forces.  Isolation  systems  involve  the  use  of 
springs  or  similar  isolation  devices.  such  as  elastic  cushions. 
Human  resistance  to  mechanical  forces  Is  strongly  Influenced 
by  selecting  u>«  |hu/k  body  position  with  regard  to  the  antic¬ 
ipated  direction  of  forces.  Man’s  resistance  to  mechanical 
forces  can  he  increased  by  proper  distribution  of  die  forces 
on  the  body.  Thin  is  best  accomplished  by  supporting  the 
body  over  as  wide  an  area  as  possible.  Whenever  posste... 
die  bony  regions  should  he  loaded  to  make  use  of  the  rigidity 
available  in  the  human  skeleton. 

Restraining  a  subject  in  a  seat  reduces  the  chance  of 
injury  by  preventing  impact  with  other  objects.  The  loads 
imposed  must  he  distributed  over  as  wide  s  body  area  as  pos¬ 
sible  to  avoid  concentrations  of  force.  The  loads  should  be 
transmitted  as  directly  as  possible  to  the  skeleton,  prefer¬ 
ably  to  the  pelvic  *tructore--and  not  through  the  vertebral 
column. 


A-104 


A  rigid  envelope  around  tin;  body  produces  the  maximum 
possible  protection  by  preventing  deformation. 

A  major  danger  is  the  possible  impact  with  toe  interior 
of  the  structuie,  Frotr  tiding  and  easily  loosened  objects 
should  be  avoided. 

Proper  head  support  is  desirable  to  prevent  neck  injury 
from  abrupt  accelerations. 

l  ap  be't'i  are  desirable  to  fix  occupants  to  a  seat  to 
prevent  their  being  hurled  about.  From  auto  and  airplane 
crash  studies,  it  was  found  that  the  belt  load  on  the  lower  ab¬ 
domen  causes  no  severe  intra -abdominal  injury  or  injury  to 
the  lower  spinal  region.  Increased  safety  is  obtainable  by 
distributing  the  impact  load  «*vv*  larger  areas  of  the  body  and 
fixing  the  body  more  rigidly  in  a  scat.  Preventing  the  body 
from  flailing  about  is  also  important.  For  these  purposes, 
additional  supports,  such  as  shoulder  straps,  thigh  straps, 
chest  straps,  and  hand  holds  are  effective.  Flexible  restraints 
should  be  avoided  if  impact  with  the  structure  interior  is  pos¬ 
sible. 

With  regard  to  seat  cushions  for  upward-ejection  seats, 
a  alow-responding  foam  plastic  with  a  thickness  of  2  to  2.  5 
inches  is  satisfactory.  This  arrangement  distributes  the  load 
uniformly  and  comfortably  over  a  wide  area  of  the  body. 

Protection  ol  the  head  against  impact  injury  I  a  effec¬ 
tively  provided  by  protective  helmets.  The  impact-reducing 
properties  of  protective  helmet*  are  based  on  boo  principles; 
the  distribution  of  the  load  over  a  large  area  of  the  skull  one 
the  Interposition  of  energy -absorbing  systems.  This  is  ac¬ 
complished  by  using  a  hard  shell  which  la  suspended  by  pad¬ 
ding  or  support  w-bbmg  at  some  distance  from  the  head.  High 
local  forces  are  distributed  over  the  enure  site  of  the  head  to 
which  the  blow  is  applied.  However,  it  has  been  shown  that 
(he  web  suspension  usually  provides  a  Wlter  pressure  distrib¬ 
ution  than  the  contact  padding.  A  combination  of  web  or 
strap  auapension  and  contact  padding  is  desirable  to  obtain 
optimum  protection  with  less  slippage  of  the  helmet. 

Foam  plastics,  mh  as  polystyrene  and  Knsotile  are 
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effective  energy -absorbing  materials  whereas  foam  rubber  and 
felt  are  too  elastic  to  absorb  a  blow. 

Impact  energies  of  from  400  to  900  in.  -lbs.  are  re¬ 
quired  to  produce  skull  fractures  on  a  hard  Hat  surface.  (As¬ 
sumed  average  energy  is  600  in.  -lbs. )  Impact  with  a  90° 
corner  require*,  only  one-tenth  of  the  energy  (60  in. -lbs. )  for 
skull  fracture.  The  form,  elasticity,  and  plasticity  of  the 
object  injuring  the  bead  is  of  extreme  importance.  Dry  skull 
preparations  require  only  25  in.  -lbs.  to  produce  a  fracture, 
indicating  the  protection  afforded  by  the  attenuating  properties 
of  a  small  amount  of  scalp  tissue, 

b.  Summary  of  Reference  A.  10 


This  report  contains  data  on  the  energies  required  to 
cause  tracture  of  the  human  skull  or  concussions.  Fracturts 
on  a  hard  surface  are  produced  by  ICO  to  900  in.  lbs.  energy. 
As  long  ss  the  impact  energy  is  kept  below  400  in.  -lbs.  ,  con¬ 
cussion  will  not  occur.  With  90®  sharp  corners,  only  60 
in.  -lbs.  of  energy  would  be  required  to  produce  a  fracture 

e.  Summary  of  Reference  A,  20 

This  report  presents  procedures  for  the  analysts  of 
shock  isolation  systems.  Linear  and  non -linear  systems  for 
single-degree  and  multi -degree -of -freedom  systems  are  con¬ 
sidered.  effects  of  variations  in  isolation  system  design  par¬ 
ameters  are  discussed.  The  influence  uf  practical  operational 
considerations  on  the  design  af  shock  isolation  systems  and 
on  thr  selection  of  their  components  is  reviewed.  Factors 
modifying  coupling  and  resonance  characteristics,  the  *!§•,'*> 
icanre  of  damping  and  sufficient  rattle  space,  and  means  fo. 
reducing  the  possible  effects  of  uncertain  features  of  the 
shock  are  point'd  out  and  discussed. 

d.  Summary  of  Reference  A.  Il 

This  report  4ist«*w*  methods  of  obtaining  shock  iso¬ 
lation  within  a  hardened  facility  from  the  effects  of  transient 
round  shock.  Discussed  in  particular  are;  isolated  struc¬ 
tures.  such  as  isolated  areas  and  floors;  isolated  equipment, 
including  several  Items  rigidly  mounted  to  a  common  shock - 
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isolated  floor  as  well  as  items  isolated  individually;  and  re¬ 
silient  free-standing  structures  supported  at  their  lower  ends 
and  more  or  less  similar  in  construction  to  ordinary  frame 
structures.  it  is  reported  that  these  methods  of  isolation  are 
by  no  means  equally  appropriate  for  a  given  set  of  circum¬ 
stances  and  that  the  methods  can  be  matched  to  the  shock  en¬ 
vironment  in  the  following  appropriate  manner: 


Shock  Environment 


Method  of  Protection 


Mild 


Low  Medium 


Resilient  Free-Standing 
Structures 
Isolated  Equipment 

Isolated  Equipment 
Shoek -Mounted  Floors 


High  Medium  Shock -Mouuted  (tours 

Shock -Mounted  Cribs 

Severe  Shock -Mounted  Cribs 

It  is  repotted  that  (his  table  should  he  used  at  a  guide 
only  and  that  there  is  no  information  which  would  allow  the 
assignment  of  quantitative  data  to  the  table. 


The  advantages  and  disadvantages  of  the  above  noted 
methods  of  achieving  shock  isolation  are  discussed  in  the 
report. 


It  is  reported  that  shock -mounted  floors  have  been 
spring  mounted  in  «  variety  of  ways  in  the  past,  some  of 
which  are: 

a.  Helical  spring,  gravity  pendulum  struts  (Titan  L 

Ath.s). 

b.  Pneumatic  spring,  gravity  pendu.em  struts 
(Minutemanj. 

c.  Fleer  suspended  by  gravity  pendu'um  rods  at¬ 
tached  to  overhead  spring  beams  (Titan  I). 

d.  floor  supported  from  below  by  spring  beams  and 
gravity  pendulum  rods. 

e.  Flee.'  supported  from  below:  vertically  by  spring 
beams  and  horisonlelly  by  columns  between  the 
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spring  beams  and  the  floor  (Titan  I). 

f.  Helical  springs  distributed  beneath  the  floor 
(Titan  1). 

Crib  structures  have  been  spring  mounted  using  pen¬ 
dulum  struts  containing  helical  and  pneumatic  springs. 
Pendulum  lengths  up  to  60  feet  have  been  used  to  minimize 
the  induced  dynamic  bending  moments  in  a  delicate,  vertically 
stored  missile.  If  the  height  of  the  crib  is  greater  than  sev¬ 
eral  stories,  some  additional  shock  isolation  possibilities 
exist.  For  instance,  the  structure  might  be  suspended  by 
long  rods  of  alloy  steel  if  the  shock  environment  is  mild. 

Just  the  stretch  of  the  rods  may  provide  sufficient  resilience. 
If  the  rods  prove  to  be  too  stiff,  additional  resilience  might 
be  obtained  by  attaching  the  rods  to  a  flexible  beam  on  the 
crib  structure.  Horizontal  isolation  is  obtained  from  the 
pendulum  action  of  the  rods. 

e.  Summary  of  Reference  A.  34 

Some  of  the  problems  associated  with  the  protection  of 
missiles,  launch  control  equipment,  and  miscellaneous  hard¬ 
ware  in  hardened  underground  structures  are  discussed. 

It  is  stated  that  the  missile  may  be  suspended  on  pen¬ 
dulums,  soft  springs,  or  other  devices  which,  in  effect, 
allow  the  silo  to  move  around  the  missile.  If  the  suspension 
system  is  made  very  soft  so  as  to  reduce  the  loads,  the 
relative  displacements  between  the  missile  and  the  silo  may 
become  excessive.  Load  and  displacement  are,  therefore, 
two  criteria  that  must  be  satisfied  for  a  suitable  design 

It  is  pointed  out  that  the  launch  control  center  pre¬ 
sents  problems  similar  to  those  encountered  in  the  design  of 
the  silo,  Eouipmsnt  and  personnel  quarters  must  be  pro¬ 
tected  from  shock.  IUth«r  than  attempt  o  Isolate  each 
piece  of  equipment  individually,  it  may  be  desirable  to  mount 
entire  floor  slabs  on  springs  or  flexible  columns.  The 
proper  design  of  such  a  system  is  complicated  and  require* 
an  analysis  in  which  the  dynam'e  characteristics  of  floor 
slabs,  springs,  and  equipment  must  be  taken  into  account 
simultaneously.  Each  part  must  have  suitable  strength  and 
stiffness  so  as  to  limit  the  shock  transmitted  to  the 
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equipment  but  not  permit  structure  failure  or  excessive  rela¬ 
tive  displacements. 


It  is  stated  that  piping  within  the  silo  may  be  subjected 
to  sufficiently  high  loads  or  displacements  to  cause  leaks  or 
breaks.  Connections  of  pipes  and  conduits  to  equipment  as 
well  as  the  protection  or  ruggedizing  of  equipment  for  shock 
are  also  areas  of  concern. 

f.  Summary  of  Reference  A.  35 


This  paper  deals  with  the  free  vibrations  of  a  vertical 
and  horizontal  suspension  scheme,  applicable  in  principle  to 
the  shock  isolation  of  entire  floor  systems.  The  purpose  of  the 
investigation  was  to  study  the  significance  of  flexibility  of 
floors  relative  to  that  of  their  Isolation  supports.  Tho  suspen¬ 
sion  scheme  analyzed  for  vertical  vibrations  consists  of  a 
beam  simply  supported  on  linear  springs.  The  scheme  anal¬ 
yzed  for  horizontal  vibrations  is  a  gravity-type  pendulum  con¬ 
sisting  of  a  beam  simply  supported  at  both  ends  by  means  of 
hangers. 

General  approaches  of  obtaining  shock  isolation  within 
a  hardened,  buried  structure  are  discussed.  It  is  stated  that, 
"on  the  one  hand,  there  is  the  conventional  approach  of  shock 
mounting  individual  equipmants  relative  to  the  primary  struc¬ 
ture  (this  reference  does  not  mention  pereonnel  protection). 

On  the  other  la  the  fairly  novel  approach  of  effectively  isolat¬ 
ing  the  primary  etructure  relative  to  the  eurrounding  medium. 
Somewhere  in  between  theee  extremes  is  the  possibility  of 
shock  isolating  entire  floor  systems  within  the  primary  struc¬ 
ture,  thus  permitting  equipments  to  be  hand -mounted  to  the 
floor. " 


rhe  following  conciuaiona  are  drawn  in  this  reference. 
"We  have  considered  the  motions  of  two  genera)  types  of  sus¬ 
pension  sehsmes  applicable  in  principle  to  the  shock  isolation 
of  antire  floor  systems  as  might  be  employed  m  a  hardened 
military  facility.  The  purpose  of  the  investigation  was  to 
study  the  significance  of  flexibility  of  the  floors  relative  to 
that  of  their  isolation  supports.  A  representative  scheme  for 
isolation  in  the  vertical  direction  was  analysed  as  the  basis 
of  a  beam  simply  supported  on  linear  spring  mounts.  It  was 
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found  that  the  motion  becomes  predominantly  that  of  a  flexible 
beam  on  rigid  supports  as  the  stiffness  of  the  beam  approach¬ 
es  that  of  the  supports.  For  a  predominantly  rigid  displace¬ 
ment  motion  of  the  beam  it  is  necessary  that  the  beam  stiff¬ 
ness  be  at  least  2.  5  times  as  great  as  the  support  stiffness.  " 

"A  representative  isolation  scheme  was  analysed  on  the 
basis  of  a  beam  suspended  at  either  end  from  a  gravity  pendu¬ 
lum.  The  approximate  theory  developed  leads  to  a  system  of 
two  non-linear  equations  whose  free  vibrations,  in  certain 
sense,  are  found  to  be  either  stable  or  unstable  depending  on 
the  magnitude  of  the  initial  conditions  and  the  ratio  of  the 
simple  pendulum  frequency  to  the  frequency  of  the  beam. 
Stable  vibration  is  one  in  which  the  motion  in  the  beam  and 
pendulum  modes  is  periodic  in  the  usual  sense.  An  unstable 
vibration  is  one  in  which  complete  energy  transfer  takes  place 
between  the  two  modes.  This  phenomenon  has  been  observed 
in  other  non-linear  systems  and  has  been  termed  autopara - 
metric  excitation.  One  critical  case  of  instability  occurs  when 
the  beam  (floor)  frequency  is  twice  that  of  the  pendulum.  A 
numerical  solution  of  the  non-linear  equations  shows  that  about 
150  cycles  of  the  beam  oscillations  and  75  cycles  of  the  pendu¬ 
lum  oscillations  takes  place  during  one  complete  cycle  of  en¬ 
ergy  transfer  between  the  modes. " 

"Admittedly,  the  quantitative  results  obtained  may  be 
of  little  direct  importance  to  the  designer  of  Isolation  schemes 
because  of  the  idealisations  involved  in  the  analysis.  Thus, 
the  mechanical  details  of  actual  floor  suspension  systems 
were  grossly  idealised,  only  free  vibrations  were  considered, 
and  no  account  was  taken  of  coupling  between  horisontal  and 
vertical  motions.  Nonetheless,  it  is  believed  that  the  folK*  .  ■ 
ing  Important  points  have  been  demonstrated,  if  only  in  a 
qualitative  fashion. " 

1.  "Unless  the  various  natural  frequencies  of  a  floor 
system  exceed  those  of  the  isolated  supports  by  at  least  a 
factor  of  three  or  mors,  the  actual  motions  of  the  floor  will 
be  of  an  extremely  complicated  nature.  Experience  indicates 
that  floors  designed  solely  on  the  basis  of  strength  may  not 
satisfy  this  requirement  In  such  instances  it  is  naive 
indeed  for  the  designer  to  believe  that  the  motion  (i.  e. ,  dis¬ 
placement,  velocity,  acceleration)  of  particular  points  of  the 
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of  the  floor  is  characterized  by  linear -single -degree -of -freedom 
equations,  3uch  as  would  be  the  case  if  the  floor  were  ideally 
rigid. " 


2.  "As  a  corollary  of  the  above,  it  is  evident  that  the  » 

more  accurate  a  prediction  of  floor  motion  desired,  the  more 

detailed  must  be  the  specification  of  shock  input  to  the  system. 

The  usual  shock  spectra,  for  example,  generally  would  be 
inadequate  for  such  purposes.  " 

3.  "Toe  pendulum-type  suspension  system  possesses 
certain  peculiar  types  of  motion  which  heretofore  probably 
were  unknown  to  designers.  These  motions  (e.  g. ,  complete 
energy  transfer  between  modes)  may  be  found  to  be  deleter¬ 
ious  to  the  intended  function  of  the  isolation  design. 11 

4.  "Where  motions  of  the  floor  are  considered  critical, 
it  would  appear  that  a  detailed  study  of  the  modes  and  natural 
frequencies  of  the  floor  system  is  a  required  design  task.  The 
techniques  for  frequency  analysis  of  composite  structures  as 
would  likely  occur  in  actual  floor  designs  are  known,  but  they 
Involve  rather  laborious  detail  even  in  the  relatively  simple 
designs. " 

g.  Summary  of  Reference  A.  36 

This  paper  reports  on  some  hardware  (isolators)  and 
missile  and  antenna  Isolation  syst  is,  including  protective 
mounting  of  miscellaneous  items  of  equipment,  by  reference 
to  developments  for  the  Titan  weapon  system. 

It  is  reported  that,  based  on  specifications  in  terms 
of  a  ground-shock  response  spectrum  for  both  vertical  and 
horisontal  motions,  very  soft  isolation  systems,  both  ver¬ 
tically  and  horizontally,  had  to  be  selected  in  order  to  pro¬ 
tect  the  missile.  The  required  spring  rate  for  vertical  motions 
was  30, 000  lb.  /in.  to  support  a  mass  of  one  million  pounds  • 

with  a  dynamic  deflection  of  one  foot  The  spring  rate  re-  , 

quired  for  horisontal  motions  was  about  3400  lb.  /in.  with  a 
dynamic  deflection  of  one  foot  To  achieve  the  low  vertical 
spring  rate,  an  air  spring  system  was  selected  after  consid¬ 
eration  of  chemical  elastomers,  air  springs,  hydra  springs,  , 

and  mechanical  springs.  A  single  sdr  cylinder  did  not  give  a 
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linear  spring  rate  (required  to  utilise  the  shock  spectrum),  and 
a  double -chambered  air  cylinder  was  designed  to  meet  the 
linearity  requirements. 


To  take  advantage  of  the  depth  attenuation  of  the  shock, 
it  was  considered  desirable  to  pick  the  lowest  point  possible 
for  the  attachments  of  the  isolating  elements,  but  this  resulted 
in  the  missile  being  unstable  in  pitching  since  the  C.  G.  of  the 
entire  system  fell  appreciably  above  the  attachment  points  of 
the  isolating  elements  on  the  crib.  To  obtain  pitch  control,  a 
method  was  devised  to  cross -couple  the  vertical  cylinders. 

It  is  pointed  out  that  pitch  restraint,  in  addition  to  insuring 
stability,  also  limits  rattle  space,  which  in  turn,  controls 
the  missile  -<ise. 

As  this  design  proceeded  toward  a  completion,  new 
shock  data  became  available  as  a  result  of  further  nuclear 
tests.  These  data  reduced  the  shock  spectra  in  Uie  pertinent 
frequency  range  by  factors  of  2  to  4.  “Agreement  was  also 
reached  among  knowledgeable  people  that  the  silo  moves  essen¬ 
tially  as  a  rigid  body  restrained  at  the  bottom.  Therefore, 
while  depth  attenuation  is  still  a  factor,  it  was  considered  not 
to  have  as  great  an  influence  as  was  thought  in  the  beginning. 

In  order  to  take  advantage  of  the  new  shock  data,  some  changes 
were  undertaken  in  the  missile  isolation  system.  Specifically, 
the  air  springe  were  replaced  with  stiffer  helical  compres¬ 
sion  springs,  permitting  deletion  of  the  pitch  control, " 

It  is  pointed  out  that,  "at  this  time,  mechanical  springs 
(for  vertical  and  pitch  isolation),  boused  in  appropriately 
spaced  pendulum  arms  (for  laurel  oscillation)  attached  near  the 
C,  C.  (for  maximum  use  of  die  stabilising  force  of  gravity*, 
offer  the  least  expensive,  most  reliable  isolation  for  a  system 
requiring  a  high  degree  of  shock  attenuation.  This  particular 
scheme  was  incorporated  in  the  isolation  system  for  the  an¬ 
tenna  system. ' 

In  regard  to  the  Titan  launcher  and  anUnna  systems, 
it  is  reported  that  service  equipment,  such  as  utilities  locks, 
and  electrical  and  electronic  equipment,  die  counterweight 
and  drive  sysums  for  the  launcher  platform,  etc. ,  is 
mounted  on  underground  structures. 
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A  special  problem  was  encountered  in  the  mounting 
of  the  launcher  drive  and  counterweight.  Both  items  are  geo¬ 
metrically  large  and  very  heavy,  the  drive  weighing  about 
100  kips  and  the  counterweight  250  kips.  Their  mountings 
were  designed  to  resist  the  normal  operating  loads,  both  in 
regard  to  magnitude  and  direction.  According  to  the  shock 
spectra,  the  relative  motion  associated  with  a  load  corres¬ 
ponding  to  the  operating  loads  was  so  large  that  available 
rattle  space  was  insufficient.  A  special  isolation  system 
(pendulum  struts  incorporating  mechanical  springs)  was  de¬ 
signed.  A  mechanism  was  then  required  to  lock  out  this 
isolation  system  during  normal  functional  operation. 

The  hardware  that  car.  match  spring  constants  from 
the  softest  to  the  stiffest  are  reported  as  follows:  ail  springs, 
hydro -pneumatic  springs,  mechanical  springs  of  all  types 
(such  as  helical  springs,  Belleville  washers,  and  torsion 
bars)  hydra  springs,  and  finally,  solid  bars.  It  is  stated 
that,  "of  course,  in  a  design  it  is  net  only  a  question  of 
spring  rate  but  also  of  required  displacement,  and  both  fac¬ 
tors  determine  what  specific  hardware  should  be  selected. " 

This  reference  states,  in  summary,  that  "shock  iso¬ 
lation  at  hard  bases  is  a  function  of  shock  level,  manner  of 
specification,  and  equipment  capability.  Selection  of  shock 
isolation  hardware  must  include  considerations  of  the  effect 
of  failure,  reliability,  and  cost.  Different  hardware  results 
for  any  particular  group  of  the  above  factors. " 

h.  Summary  of  Reference  A,  >7 

This  reference  presents  a  resume  of  some  methods 
isolating  an  interior  structure  from  ground  shock,  including 
photographs  of  some  typical  installations.  Illustrated  are 
the  use  ol  rubber  shock  mounts  for  the  shock  isolation  of 
pipes  and  cable  trays  and  the  use  of  coil  spriuge  for  mounting 
a  cluster  of  pipes  and  lighting  fixtures. 

Also  illustrated  is  a  type  of  shock  isolation  which  Is 
useful  when  equipment  on  a  lower  level  it  sufficiently  rugged 
to  withstand  the  ground  shock  and  only  an  upper  level  needs 
to  he  protected.  The  upper  floor  is  isolated  by  means  of 
spring  beams,  located  below  the  lower  floor,  which  take  the 
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the  vertical  motion  while  the  columns  (connected  to  the  spring 
beams  and  supporting  the  upper  level)  have  sufficient  flexibil¬ 
ity  to  take  the  lateral  motion.  It  is  mentioned  that  where 
only  one  or  two  pieces  of  equipment  on  the  lower  floor  require 
isolation,  they  may  be  shock  mounted  separately  on  the  floor. 

An  individual  mounting  of  a  water  chiller  is  illustrated; 
the  mounting  employs  rubber  pads  between  steel  plates. 

A  system  for  shock  mounting  a  complete  two-story 
structure  by  the  use  of  a  spring  beam  unit  under  the  lower 
floor  is  illustrated.  Horisontal  flexibility  is  accomplished 
by  short  18"  pendulums. 

An  example  of  a  two-level  control  center  with  the 
major  part  of  its  delicate  equipment  located  on  the  second 
level,  requiring  only  that  level  to  be  Isolated,  it  illustrated. 
The  upper  floor  it  supported  by  columns  connected  to  spring 
beams  below  the  lower  floor. 

Se  versl  illustrations  are  presented  showing  the  ute  of 
vertical  and  hor.sontal  coil  springs  to  isolate  a  complete 
structure.  Hie  vertical  springs  are  placed  below  the  floor, 
and  die  horisontal  springs  are  connected  to  the  tops  and 
bottoms  of  steel  columns.  It  is  mentioned  that  this  method 
of  shock  isolation  is  justified  only  where  the  shock  mounted 
structure  is  extremely  heavy  with  a  high  center  of  gravity 
and  »be  space  is  limited. 

i.  Summary  of  Reference  A.  18 

This  report  presents  the  results  of  a  feasibility  atu. 
cost  study  of  several  types  of  underground  structures  at  high 
pressure  levels.  The  structures  considered  were  spheres  • 
vertical  cylinders,  and  horisontal  cylinders. 

For  each  of  these  structures,  the  most  effective  shock- 
isolation  system  consisted  of  a  suspended  interior  structure 
using  hot-formed,  helical  compression  springs  mounted  on 
parallel  pendulum  shafts. 


J.  Summary  of  Reference  A.  19 


This  reference  presents  the  procedures  and  significant 
results  of  studies  of  the  dynamic  responses  of  hardened  un¬ 
derground  rectangular  and  silo -type  structures  subjected  to 
megaton  nuclear  weapons  blast  and  ground  shock  effects 
with  particular  attention  to  the  transmission  of  shock  and  vi¬ 
bration  to  the  interior  structural  components  and  contents  of 
the  structure.  A  method  of  predicting  responses  of  multi¬ 
degree  -of-freedom,  elastoplastic,  nonlinear,  and  discontin¬ 
uous  systems  is  advanced.  It  employs  a  synthesized  ground 
motion  (time  history)  curve  derived  from  design  shock  spec¬ 
tra.  The  procedure  for  calculating  the  synthesized  curve  is 
summarized  in  Appendix  D.  Such  curves  are  employed  to  an¬ 
alyze  s  multi -degres-of -freedom,  shock -isolation  system  for 
the  Atlas  missile  crib.  The  crib  is  suspended  front  a  silo  with 
coil -compression  springs. 

k.  Summary  of  Reference  A.  40 

This  report  is  a  summary  of  the  state  of  the  art  in  the 
design  of  package  cushioning  materials.  The  general  dosign 
theory  of  package  cushioning  is  given,  and  the  testing  under 
static  and  dynamic  loading  is  discussed.  Design  concepts 
are  evaluated.  Design  equations  and  sample  problems  are 
included. 

Street  properties  are  given  for  some  of  the  principal 
plastic  package -cushioning  materials  as  well  as  data  on  the  ef¬ 
fect  of  temperature  and  humidity.  Specific  uses  of  rigid  and 
semi-rigid  plastic  foams  in  cushioning  applications  are  indi¬ 
cated. 


The  report  also  presents  a  summary  of  test  program? 
for  plastic  cushioning  materials. 

The  information  that  is  pertinent  to  our  study  is  sum¬ 
marised  below, 

As  in  the  case  with  package  cushioning,  resilient  ma¬ 
terials  are  the  only  types  suitable  for  cushioning  in  shelters. 
In  the  report,  emphasis  was  placed  on  the  resilient  plastic 
package -cushioning  materials.  The  particular  materials 
covered  were:  polyurethane,  polystyrene,  polyethylene,  and 
polyvinyl  foams. 
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In  the  design  of  the  cushioning  material,  the  following 
information  is  required: 

a.  The  fragility  of  the  items  to  be  protected. 

b.  The  severity  of  the  shock  to  which  the  item  will 
be  subjected. 

c.  The  energy -absorption  characteristics  of  the  pro¬ 
tective  cushioning  material. 

Knowing  these  and  the  weight  and  sise  of  the  item  to  be  pro¬ 
tected,  the  thickness  of  the  cushioning  material  can  be  com¬ 
puted. 


The  use  of  dynamic -stress  data  in  the  design  of  the 
protective  cushioning  is  more  reliable  than  the  use  of 
static-stress  data. 

In  the  report,  the  cushion  factor  concept  for  design 
is  presented.  The  cushion  factor  relates  the  maximum  stress 
on  the  cushion  to  the  energy  absorbed  by  the  cushion  at  this 
applied  load. 

The  properties  of  the  four  plastic  cushioning  mater¬ 
ials  mentioned  above  are  presented.  These  included  the 
static  stress-strain  curve  and  the  dynamic  properties. 

Specific  uses  for  plastic-foam  cushioning  materials 
were  discussed.  These  included:  (1)  high-speed  energy  dls- 
sipatore  for  aerial  delivery  of  military  material;  (2)  mili¬ 
tary  packaging,  particularly  for  guided-miseile  compon¬ 
ents;  and  (3)  cushioning  for  human  skulls. 

It  has  been  found  in  the  work  performedby  Cornell 
Aeronautical  Laboratory,  Inc. ,  on  cushioning  for  human 
skulls,  that  u  1th  cushioned  corners,  if  the  backup  panels 
have  a  radius  of  curvature  greater  than  2  i..cbes,  they  will 
exhibit  characteristics  similar  to  those  of  a  flat  panel. 

1.  Summary  of  Reference  A.  41 

This  report  presents  data  on  the  effectiveness  of  seat 
belts  in  reducing  itt)ury  from  impact.  The  report  is  based 
on  studies  of  automobile  aceidenta.  However,  it  serves  to 
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point  out  the  possible  use  of  seat  belts  in  protecting  personnel 
from  the  danger  of  impact  within  a  shelter  structure. 

m.  Summary  of  Reference  A,  42 

The  pertinent  information  in  this  report  is  summarised 

below: 


Personnel  should  be  protected  from  flailing,  whiplash, 
dislodgement,  crushing,  falling,  and  impact  against  sharp 
objects  during  a  period  of  ground  shock.  Restraint  devices, 
such  as  lap  and  shoulder  harnesses,  crash  helmets,  ankle 
and  wrist  restrainers,  torso  girdles,  and  secured  seats,  are 
helpful.  Inertia  reels  are  useful  in  permitting  slow  deliberate 
motion,  preventing  abrupt  movements. 


Personnel  who  are  walking  or  unsecured  are  partieu- 
larly  vulnerable.  All  unnecessary  personnel  traffic  would 
have  tu  be  restricted,  at  least  during  an  alert. 

Any  unsecured  objects  are  potential  projectiles  which 
could  crash  into  personnel  or  equipment.  Therefore,  all 
objects  should  be  secured. 


Iimmsry  of  Reference  A.  43 


This  article  summarises  the  results  of  the  work  per¬ 
formed  at  the  Cornell  Aeronautical  Laboratory  to  evaluate  the 
impact-absorbing  properties  of  plastic  foams.  The  important 
points  in  this  report  are  indicated  below. 


Data  collected  on  automooile  and  airplane  crashes  In¬ 
dicate  that  about  75%  of  fatalities  result  from  head  injuries. 
Low-density  foam  energy  absorbers  can  play  a  very  impor¬ 
tant  part  in  head  impact  protection. 


In  a  study  conducted  for  the  Navy,  the  injury  potential 
to  the  head  in  aircraft  cockpits  was  evaluated,  and  methods 
of  reducing  the  injury  potential  were  studied.  It  was  found 
that  the  average  human  skull  would  fracture  on  impact  against 
a  hard  flat  surface  at  an  energy  level  of  600  in,  -lbs.  A  blow 
of  400  in.  -lbs.  on  a  hard  flat  surface  is  commonly  used  as 
the  critical  blow  for  brain  damage. 
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It  was  found  from  the  study  that  there  were  four  con¬ 
trols  on  the  injury  potential  of  a  flat  surface: 

(1)  The  maximum  g.  level  that  would  be  experienced 
by  the  head  on  striking  the  surface. 

(2)  Rate  of  change  of  g.  or  the  rate  of  onset  of  the  g. 
forces. 

(3)  Peak  intensity  of  pressure  on  the  head  in  lino 
with  the  blow. 

(4)  Initial  impulse  of  head  striking  an  object. 

Initial  Impulse  s  Mjj  (Vj  -  Vj) 

Mb  *  Mass  of  head 

Vg  s  Velocity  before  contact 

Vj  -  Velocity  after  contact 

Initial  impulse  of  5.  3  lb.  -sec.  has  been  deter¬ 
mined  as  the  threshold  of  fracture. 

A  desirable  property  of  the  padding  is  that  of  low  re¬ 
bound.  With  low  rebound,  less  energy  is  transmitted  hack 
to  the  head. 

In  the  Navy  program,  a  rigid  polystyrene  foam  with  a 
density  of  1-3/4  lb.  / cu.  ft  provided  the  best  head  protection 
per  inch  of  thickness.  Using  this  material,  the  peak  pressure 
was  limited  to  46  p.  s.  i.  This  material  provides  only  single- 
blow  protection. 

On  a  project  sponsored  by  the  New  York  State  Athletic 
Commission,  v  ork  was  performed  to  develop  a  resilient 
cellular  plastic  material  with  the  same  impn.it  characteris¬ 
tics  as  the  above  polystyrene  foam.  The  resulting  material, 
Cnsolite  22266,  has  characteristics  close  to  those  of  the 
polystyrene  foam:  in  addition,  the  materia)  recovers  slowly, 
ready  for  another  blow.  The  Material  was  developed  prim¬ 
arily  for  use  in  boxing  rings. 

In  a  boxing  contest,  an  impact  energy  imparted  to  the 
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head  from  striking  an  unpadded  mat  can  he  in  the  order  of 
1100  in.  -lb.  {compared  to  600  in. -lb.  tr>  cause  a  fracture). 
With  mats  padded  with  Ensolite  22266,  no  serious  head  injury 
by  impact  with  the  platform  occurred.  This  indicates  that 
the  criteria  for  which  the  material  was  developed  were  on  the 
safe  side. 


Tests  were  also  made  to  determine  the  effect  of  body 
attitude  on  the  percent  of  the  total  body  enemy  that  would  be 
absorbed  by  the  head.  In  the  tests,  the  weight  of  hcadform 
used  was  taken  as  30  lbs.  to  account  for  the  mass  contributed 
by  the  iorso  through  the  neck. 

In  the  work  to  determine  the  effectiveness  of  various 
energy  absorbing  materials,  the  following  controls  were  used 
for  head  impact  protection: 

Maximum  g.  -  60  g. 

Maximum  rate  of  change  of  g.  *  20,000  g.  /sec. 

Maximum  intensity  of  pressure  in 

line  with  blow  »  600  p.  s.  i. 

The  maximum  acceleration  and  rate  of  change  of  accul- 
•  ration  given  above  are  considered  as  safs  values  for  the 
head.  The  maximum  pressure  indicates  that  the  cushioning 
material  has  become  solid. 

Curves  are  presented  that  illustrate  the  protection  avail¬ 
able  with  different  padding  materials  on  hard  Oat  surfaces  for 
various  impact  velocities.  Some  of  the  values  taken  from  these 
curves  sre  summarised  below1: 


Cushioning  Material  on 
Hard  Hat  Surface  _ 


Limit  of  Safe 
Impact  Velocity 


1“  thick  i -J/4  lb.  /cu.  ft.  Polystyrene  Foam  15  ft.  /see. 
2M  thick  *’  "  **  **  IS  *' 

I"  thick  F-naolue  22266  -  7  lb.  /cu.  ft.  17  " 

2“  thirk  Rrethane  Foam  -  Formulation  “A'‘  16  " 

2“  thick  Foam  Rubber  -  6  lb.  /cu.  ft.  II 
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In  tests  made  with  padding  on  yielding  foundations, 
in  contrast  to  the  rigid  foundations,  it  was  found  that  the  pad¬ 
ding  materials  became  more  effective  and  the  yielding  panels 
absorbed  a  large  part  of  the  impact  energy.  Some  of  the 
foundation  materials  found  effective  were:  light-gage  steel, 
aluminum,  and  plastic.  No  correlation  was  found  between 
the  test  data  for  paddiitg  on  a  rigid  backing  and  that  on  a 
yielding  backing.  The  materials  must  be  tested  in  combina¬ 
tion  to  determine  the  combined  properties. 

The  following  general  conclusions  can  be  made  from 
the  programs  of  evaluation  of  low -density  energy  absorbers: 

(1)  Most  of  the  energy -absorbing  plastic  foams  do  not 
have  linear  spring -rate  characteristics  under  im¬ 
pact  blows.  Therefore,  they  do  not  lead  them¬ 
selves  to  a  simple  mathematical  analysis. 

(2)  The  better  energy-absorbing  foams  resist  impact 
with  nearly  constant  pressure  for  approximately 
three-quarters  of  their  thickness. 

(3)  Dynamic  pressure  characteristics  cannot  be  de¬ 
termined  by  static  compression  tests. 

(4)  Different  formulations  of  plastic  foams  that  have 
the  same  density  and  rigidity  do  not  necessarily 
have  the  same  energy-absorbing  characteristics. 

($)  When  used  as  energy  absorbers,  most  low-density 
foams  exhibit  mechanical  characteristics  that 
change  greatly  with  temperature,  i.e. ,  they  »snd 
to  get  stiffs  raj  the  temperature  di  ope. 

(6)  In  cases  where  the  Impact  energy  exceeds  the  en¬ 
ergy  -absorbing  capacity  of  the  '  am  and  an  aux¬ 
iliary  absorbing  structure  Is  used  (such  as  a 
sheet  metal  panel  to  bach  up  the  padding),  a 
covering  of  plastic  foam  produces  a  large  reduc¬ 
tion  in  the  peak  pressure  experienced  by  the 
striking  object  and  also  distributes  the  force  over 
a  larger  surface  area  by  "dishpanaiag"  the  panel. 

It  will  be  noted  that  back-up  panels  having  a 
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radius  of  curvature  greater  than  2  inches  exhibit 
characteristics  similar  to  those  of  a  flat  panel. 

If  the  radius  drops  below  2  inches,  the  effective¬ 
ness  of  the  padding  and  panel  combination  is 
greatly  reduced. 
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SECTION  B-I 


INTRODUCTION 

Appendix  B  contains  minutes  of  meetings  held  with 
various  governmental  and  private  organizations  to  obtain  in¬ 
formation  pertinent  to  shock  and  vibration  and  to  discuss  such 
data  with  experts  in  this  field. 

B-2  Minutes  of  Meeting  between  Korfund  Dynamics 
Corporation  and  Ammann  b  Whitney. 

B-3  Minutes  of  Meeting  between  the  S^aca  Technol¬ 
ogy  Laboratories  and  Ammann  b  Whitney. 

B-4  Minutes  of  Meeting  between  the  Lovelace  Foun¬ 
dation  for  Medical  Research  and  Ammann  b 
Whitney. 

B-5  Minutes  of  Meeting  between  the  Air  Force  Spe¬ 
cial  Weapons  Center  and  Ammann  b  Whitney, 

B-6  Minutes  of  Meeting  between  the  Defense  Atomic 
Support  Agency  and  Ammann  b  Whitney. 

B-7  Minutes  of  Meeting  between  the  Naval  Research 
Laboratory  and  Ammann  b  Whitney. 

B-8  Minutes  of  Meeting  between  the  Naval  Medical 
Research  Institute  and  Ammann  b  Whitney. 
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MINUTES  OF  MEETING  BETWEEN 
KORFUND  DYNAMICS  CORPORATION 
AND  AMMANN  &  WHITNEY 

Presented  below  are  the  minutes  of  a  meeting  held  at 
th*  office  of  Ammann  &  Whitney,  New  York,  on  December  10, 
1962,  to  discuss  shock  isolation  data  in  connection  with  this 
study. 

Attendees  at  Meeting 

Mr,  Paul  Baratoff,  Korfund  Dynamics  Corporation 

Mr,  Joseph  L.  Hammond,  Korfund  Dynamics  Corpora¬ 
tion 

Mr.  Samuel  Weissman,  Ammann  b  Whitney 

Dr.  Joseph  Vellozzi,  Ammann  &  Whitney 

The  meeting  was  opened  with  a  general  discussion  of 
the  requirements  for  shock  tolerances  in  hardened  structures. 
Mr.  Hammond  reviewed  Korfund' s  activities  in  the  field  of 
equipment  and  missile  shock  isolation  for  hardened  installa¬ 
tions.  Korfund  designs  and  manufactures  hardware  for  shock 
and  vibration  control  and  has  been  active  in  the  shock  isola¬ 
tion  of  the  TITAN,  M1NUTEMAN,  and  ATLAS  missile  hard 
sites  as  well  as  the  isolation  of  equipment  for  civil  defense 
shelters,  including  the  Denton,  Texas,  and  Albany,  New  York, 
shelters.  In  these  shelters,  most  equipment  was  shock  iso¬ 
lated  to  3  g.  and  sensitive  electronic  equipment  to  one  g. 
Standard  mounts  and  springs  were  used  where  possible.  The 
shock  levels  for  which  Korfund  designed  were  specified  >..  the 
form  of  ground-ehock  response  spectra  with  maximum  vel¬ 
ocities  in  the  order  of  10  to  40  in.  /sec.  and  overpressures  up 
to  50  p.  s.  i.  In  general,  the  equipment  required  isolation  at 
3  to  10  c.  p.  s.  in  order  to  limit  the  transmitted  accelerations 
to  within  3  g.  The  systems  were  expected  to  damp  out  in 
about  30  seconds  because  of  internal  dumping  inherent  in  the 
system*. 

Korfund  indicated  that  manufacturers  usually  do  not 
know  the  fragility  level  of  their  equipment,  although  they  feel 
that  mechanical  and  heavy  electrical  equipment  items  can 
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tolerate  transmitted  shocks  of  3  g.  and  fragile  electric  and 
electronic  equipment  between  1  and  2  g.  These  values  are 
based  primarily  on  shock  requirements  during  transporta¬ 
tion.  Although  it  is  possible  to  test  the  simpler  types  of 
equipment  to  determine  the  fragility  level,  the  testing  can 
become  extremely  complicated  and  costly  in  the  case  of  heavy 
complex  equipment.  Therefore,  in  lieu  of  subjecting  every 
piece  of  equipment  to  a  shock  test,  it  is  more  practical  to 
provide  shock  pr  otection  which  will  transmit  no  more  shock 
than  most  equipment  can  reasonably  be  expected  to  with¬ 
stand.  This  is  the  basis  for  shock  mounting  to  an  accelera¬ 
tion  of  a  3  g.  shock  or  less. 

Korfund  furnished  a  listing  of  the  equipment  that  they 
isolated  at  3  g.  even  though  they  felt  that  the  fragility  levels 
were  in  excess  of  this  value.  The  equipment  included  diesel 
generator  sets,  air  conditioning  chillers,  water  tanks,  ex¬ 
haust  fans,  heating  and  cooling  coils,  pumps,  air  compres¬ 
sors,  panelboards,  and  most  electrical  equipment.  Lighting 
fixtures  were  isolated  to  1  g.  This  is  based  on  tests  result¬ 
ing  in  failure  of  the  stems  supporting  the  fixtures  rather  than 
failure  of  the  lamps.  The  lamps  and  fixtures  have  much 
higher  tolerances,  in  the  order  of  20  g. 

With  regard  to  shock  isolation  of  equipment,  Korfund 
pointed  out  that  when  equipment  is  mounted  on  top  of  a  shock- 
isolated  floor  care  must  be  exercised  so  that  no  disturbing 
frequency  (transmitted  by  the  operation  of  such  equipment 
as  fans,  air  handling  units,  compressors,  and  pumps,  etc. ) 
exists  which  may  be  in  resonance  with  the  natural  frequency 
of  the  floor.  Otherwise,  the  shock -isolated  floor  may  begin 
to  vibrate  in  resonance  with  the  equipment.  They  also 
stated  that,  following  the  ground  shock  disturbance,  the  shock- 
isolated  floor  will  oscillate  at  its  natural  frequence  (predom¬ 
inately  its  fundamental  if  the  stiffness  of  the  floor  slab  is 
relatively  high  compared  to  the  stiffness  of  isolation  sup¬ 
ports)  and  that  this  becomes  the  disturbing  frequency  to  which 
the  isolation  mountings  of  the  equipment  are  subjected.  Un¬ 
less  the  equipment  isolator  is  properly  designed  and  approp¬ 
riate  relationship  is  maintained  between  floor  and  isolation 
frequencies,  it  is  possible  for  equipment  isolators  to  amplify 
by  200  percent  or  mure  tin-  «hock  transmitted  by  the  shock- 
isolated  floor. 
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In  reference  to  relative  motions  of  equipment,  Kor- 
fund  indicated  that  the  main  concern  is  to  enable  the  equip¬ 
ment  to  travel  freely  without  striking  other  equipment  and  to 
provide  flexible  connections  for  all  piping,  ductwork,  etc. 

In  order  to  minimize  movement  of  equipment  so  that  the 
amplitudes  do  not  exceed  those  calculated  from  the  ground 
shock  spectra,  it  is  often  required  that  the  mounting  suspen¬ 
sion  points  be  in  a  horizontal  plane  through  the  center  of 
gravity  of  the  equipment  and  that  the  mounting  support  be  lo¬ 
cated  symmetrically  about  the  center  of  gravity.  Otherwise, 
the  equipment  will  rock  when  subjected  to  shock  and  the  mo¬ 
tion  may  be  amplified  somewhat  because  of  coupling  between 
the  inertia  and  resisting  forces. 

Korfund  stated  that  they  usually  design  and  provide 
springs  such  that  the  natural  vertical  and  horizontal  fre¬ 
quencies  on  an  isolated  piece  of  equipment  are  identical. 

These  springs  are  welded  to  end  plates.  It  is  ‘mpurtant, 
when  the  end  plates  are  fastened  to  the  foundation,  that 
minimum  clearance  be  maintained  between  bolt  holes  and 
foundation  bolts.  This  prevents  motion  of  the  base  plate 
under  shock. 

In  the  testing  of  equipment,  Korfund  has  used  a  drop- 
test  machine  which  is  usually  sufficient  to  determine  the  fra¬ 
gility  level  of  equipment  since  all  possible  equipment  modes 
are  excited  under  the  deceleration  impact.  Reference  was 
also  made  to  Navy  impact  machines,  Bellock  College  Point, 
Long  Island,  New  York. 

Korfund  ie  considering  the  development  of  a  series  of 
standard  springs  and  specifications  for  shock  isolation  t*-- 
quiremente  for  hardened  Mhelters.  They  also  mentioned  that 
tho  cost  of  the  engineering  analyses  required  for  s  particular 
shock  isolation  design  could  be  quits  high  and  sometimes 
greeter  than  the  isolation  of  equipment  it  jlf. 

Korfund  furnished  Ammann  It  Whitney  with  examples 
of  their  work  on  equipment  shock  isolation  for  hardened  in¬ 
stallations.  Also  furnished  wtre  s  bulletin  indicating  their 
manufactured  products  end  a  copy  of  the  paper,  "Shock  and 
Vibration  Isolation  for  Missile  Sites",  by  Donald  Vance  of 
Korfund,  reprinted  from  April/Msy,  1961,  Ground  Equipment 
Msgsainc, 
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SECTION  B-3 


MINUTES  OF  MEETING  BETWEEN 
o^ACE  i'ECilNOLCGY  LABORATORIES,  INC. 

AND  AMMANN  L  WHITNEY 

A  meeting  was  held  at  the  Spare  Technology  Labora¬ 
tories,  Inc.,  Redondo  Beach,  California,  on  January  7, 
1963,  to  discuss  shock  isolation  data  in  connection  with  this 
study. 


Attendees  at  the  Meeting 


Dr.  Millard  V.  Barton 
Dr.  Herbert  Suer 
Dr.  J.  Christensen 
Mr,  John  Karagczian 
Mr.  Edward  Laing 
Mr.  Samuel  Weissman 
Dr.  Joseph  Vellozsi 


Space  Technology  Lab. 
Space  Technology  Lab. 
Space  Technology  Lab. 
Space  Technology  Lab. 
Ammann  It  Whitney 
Ammann  It  Whitney 
Ammann  It  Whitney 


The  minutes  of  this  meeting  are  of  a  classified  nature 
and  cannot  he  included  in  this  report.  However,  reference  is 
made  in  Appendix  A  to  some  of  the  unclassified  items  dis¬ 
cussed  at  this  meeting. 
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SECTION  B-4 


MINUTES  OF  MEETING  BETWEEN 
THE  LOVELACE  FOUNDATION  TOR  MEDICAL  RESEARCH 
AND  AMMANN  k  WHITNEY 


Presented  below  are  the  minutes  of  a  meeting  held  at 
the  Lovelace  Foundation  for  Medical  Education  ana  Research, 
Albuquerque,  New  Mexico,  on  January  8,  1963,  to  discuss 
personnel  shock  effects  in  connection  with  this  study. 


Attendees  at  the  Meeting 


Dr,  Clayton  S.  White, 
Mr.  I.  Gerald  iluwan 
Mr.  Edward  Laing 
Mr.  Samuel  Weisaman 
Dr,  Joseph  Velloaai 


M.D,  Lovelace 
Lovelace 

Ammann  It  Whitney 
Ammann  L  Whitney 
Ammann  It  Whitney 


The  meeting  was  opened  with  an  explanation  of  the 
Office  of  the  Chief  of  Engineers  project  and  of  the  related  work 
being  performed  by  Ammann  h  Whitney  in  the  investigation  of 
literature  and  dat'  pertaining  to  shock  effects  on  personnel 
for  the  purpose  of  establishing  requi«ite  shock  tolerances  and 
appropriate  protection  for  personnel  housed  in  a  hardened, 
shallow *buried,  civil  defense  shelter  subjected  to  a  ground 
shock  environment  associated  with  a  20-MT  nuclear  weapon 
burst  for  overpressures  ranging  up  to  300  p.  s.  i.  The  inten» 
sity  and  nature  of  the  expected  structure  motions  were  des- 
cribed  and  it  was  pointed  out  that,  in  most  cases,  the  person* 
nel  in  the  shelters  would  be  In  random  positions  -  standing, 
sitting,  reclined  -  and  in  fewer  cases  peraonrvl  may  S, 
strapped  down  in  chui.s,  beds,  etc.,  or  be  provided  with 
other  means  of  bracing  themselves. 


It  was  explained  by  Ammann  4  W‘  ‘tney  that,  based  on 
their  review  of  available  literature,  l«  appeared  that  many 
unknown  factors  exist  with  regard  to  ground  ehtek  effects 
on  personnel,  although  data  are  available  pertaining  to  per* 
sonnet  shock  slfects  lor  other  types  of  shock  environments. 
Ammann  I  Whitney  studied  the  blast  biology  reports  received 
from  Lovelace,  and  three  -spirts  in  particular  were  found 
to  contain  biological  and  personnel  shock  effect  data  which 
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could  be  related  to  the  personnel  ground  shock  problem.  It 
was  agreed  that  no  known  personnel  shock  tests  have  been 
conducted  specifically  lor  the  ground  shock  problem  although 
this  type  of  testing  is  presently  being  considered  by  other  agen¬ 
cies.  These  three  reports,  prepared  for  the  Defense  Atomic 
Support  Agency,  are: 

1.  "Tertiary  Blast  Effects,  Effects  of  impact  on  Mice, 
Rats.  Guinea  Pigs  and  Rabhit*" 

2.  "Biological  Effects  of  Blast" 

i.  'Biological  Blast  Effects" 

It  was  further  explained  that  Ammann  It  Whitney  have 
established  preliminary  shock  tolerances  for  personnel  in 
hardened  civil  defense  shelters  on  the  basis  of  the  data  in  these 
reports  and  other  publications  investigated,  and  that  consider¬ 
able  judgment  was  u*rd  in  the  application  of  this  data  to  the 
ground  shuck  environment.  These  tolerances  are  considered 
in  two  categories:  (I)  impact  and  (2)  vibration.  The  data  in 
bie  Lovelace  reports  were  an  important  source  of  information 
fur  establishing  the  impact  tolerances. 

The  following  is  a  summary  of  comments  and  discus¬ 
sion  p«rl»<ning  to  the  problems  posed  by  Ammann  It  Whitney: 

1.  The  three  reports  listed  above,  and  particularly  the 
first  report,  are  still  generally  representative  of  the  current 
knowledge  on  impact  effects.  This  work  was  based  on  drop 
tests  on  animats  and  on  a  general  review  of  other  related  lit¬ 
erature  in  the  field.  Based  on  thie  data  tha  "on  the -safe" 
average  tolerable  impact  velocity  of  10  ft.  /tec.  as  qualified 

in  the  reimrt  is  recommended.  Thie  pertains  to  the  total  body 
a*  welt  as  to  skull  impact  with  a  hard  flat  surface  proviu,.,* 
the  line  of  thrust  lor  skull  impact  is  not  directed  along  the 
longitudinal  axie  of  the  body  (n  which  case  the  head  would  be 
damaged  in  abtorblng  the  kinetic  energy  of  the  remainder  of 
the  body  mass.  For  impact  with  sharp  co.ners,  the  toler¬ 
able  impact  velocity  would  be  considerably  reduced,  end  ibis 
shouid  be  avoided  or  the  corner*  should  be  padded. 

2.  Since  herisonttl  motions  in  combination  with  the 
vertical  motions  would  probably  throw  personnel  off  balance, 
an  uncoordinated  type  of  impact  may  reeult,  and  although  it 
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is  felt  that  impact  velocities  less  than  10  ft.  /sec.  would  gen¬ 
erally  not  be  serious,  some  injuries  may  result  for  persons 
of  certain  age  groups,  for  persons  colliding  in  an  awkward 
position,  or  where  a  person  falls  backward  and  experiences 
impact  with  the  back  of  the  head.  In  the  latter  case,  an  im¬ 
pact  velocity  greater  than  10  ft.  /sec.  may  be  unavoidable. 
The  ability  of  the  body  to  prepare  itself  for  a  fall  due  to  a 
sudden  motion  would  depend  upon  the  physical  condition,  age, 
and  athletic  training  of  the  person.  However,  a  person  stand 
ing  stiff -legged  would  probably  have  time  to  assume  a  bent- 
knee  position  if  the  floor  suddenly  dropped  from  beneath  him. 

3.  For  impact  velocities  greater  than  10  ft.  /sec.  and 
for  added  safety  at  10  ft.  /sec. ,  a  cushioning  material  should 
be  provided.  This  can  be  achieved  by  the  use  of  padded  hel¬ 
mets.  padded  walls,  and  padded  floors.  The  use  of  Ensolite 
(manufactured  by  U.  S.  Rubber),  for  example  type  AH,  as  a 
surface  material  would  be  effective.  Under  noriral  loadings 
Ensolite  feels  rigid  but  will  deform  sufficiently  under  impact 
loads  to  afford  a  considerable  reduction  in  deceleration  inten¬ 
sity.  In  this  regard,  it  was  emphasised  that  only  a  very 
small  stopping  distance  (fraction  of  an  Inch)  will  considerably 
reduce  the  possibility  of  body  damage  due  to  impact  for  im¬ 
pact  velocities  above  10  ft.  /sec. ,  even  as  high  as  20  ft.  /sec. 

4.  It  is  considered  that  the  use  of  bracing,  such  2.3 
handrails,  would  be  effective  in  preventing  personnel  from 
being  thrown  over  if  it  is  practical  for  personnel  to  aeeume 
such  a  position  of  preparation. 

5.  It  is  felt  that  imposing  a  sudden  upward  velocity  to 
a  body  may  be  physiologically  different  (with  regard  to  tvl 
erance)  from  d>  opping  a  bony  with  the  earns  striking  velocity, 
although  as  a  mechanical  system  both  cates  appear  to  be 

similar. 

6.  Strapping  a  person  to  a  chair  which  U  shock 
mounted  could  result  in  a  n.ore  critical  environment  than  per¬ 
mitting  the  person  to  be  displaced  relative  to  the  structure 
even  though  the  shock  intensity  is  reduced.  This  is  partially 
due  to  a  repeated  (vibration)  loading  and  alao  because  injury 
could  result  from  relative  body  displacements,  depending  on 
the  manner  in  which  the  body  is  strapped  to  the  chair.  In 
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addition,  impact  of  the  body  against  the  chair  may  be  a  poten¬ 
tial  hazard.  Pulling  a  person  down  with  a  sudden  velocity 
may  also  be  different  (with  regard  to  tolerance)  from  drop¬ 
ping  a  body  with  the  same  striking  velocity. 

7.  With  regard  to  future  shock  tests  for  civil  defense 
shelters,  it  is  felt  that  such  a  program  is  warranted  in  view 
of  the  present  uncertainties.  However,  tests  on  healthy  young 
adults  would  probably  not  be  representative  of  tolerances  fer 
other  age  groups,  and  in  general  it  is  difficult  to  obtain  vol¬ 
unteers.  Testing  is  potentially  dangerous  especially  since 
certain  internal  injuries  could  occur  without  the  subject  feeling 
pain  at  the  lime  ol  the  test.  Furthermore,  the  tolerance  es¬ 
tablished  varies,  depending  upon  the  subjective  feelings  of  the 
person  being  tested. 

8.  Based  on  the  available  information,  it  is  felt  that 
the  preliminary  tolerance  values  established  by  Anmann  L 
Whitney  are  reasonable. 

9.  Although  the  Lovelace  reports  include  a  review  of 
other  literature  in  the  field,  for  more  detailed  reading  the 
following  publications  may  be  of  particular  interest;  however, 
suen  further  study  would  probably  not  afford  any  additional  in¬ 
formation  leading  to  recommendation  of  more  reliable  shock 
tolsrancs  criteria. 

Roth,  H, ,  Impact  and  Dynamic  Response  of  toe  Body, 
Symposium:  Frontiers  of  Man  Controlled  Flight,  Lot 
Angeles,  April  3,  1943. 

Coermann.  R.  R, ,  The  Mechanical  Impedance  of  tf>.* 
Human  Body  in  thttini  and  Standing  Position  at  Low 
Frequencies,  ASP  Tech  Report  61  -492.  Wright  Patter  - 
•on  Air  Force  Bate,  Ohio,  September  1961. 

German  Aviation  Medicine  World  War  11.  Vol.  i t,  by 
the  Department  o*  the  Air  Force  (Fdited  by  CUsser). 

Swear ington,  et  al,  “Human  Tolerances  to  Vertical  Im¬ 
pact”,  Aerospace  Medicine,  December  i960,  Vol.  31, 

No.  12. 
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Draeger,  et  al,  A  Study  of  Personnel  Injury  by  Solid 
Blast,  Naval  Medical  Research  Laboratory)  1945. 
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MINUTES  OF  MEETING  BETWEEN 
THE  AIR  FORCE  SPECIAL  WEAPONS  CENTER 
AND  AMMANN  &  WHITNEY 


Presented  below  are  the  minutes  of  a  meeting  held  at 
the  Air  Force  Special  Weapons  Center,  Kirtland  Air  Force 
Base,  New  Mexico,  on  January  9,  1963,  to  discuss  shock 
isolation  data  in  connection  with  this  study. 


Attendees  at  the  Meeting 


Lt.  Douglas  H.  Merkle 
Mr.  H.R.J.  Walsh 
Mr.  Edward  Laing 
Mr.  Samuel  Weissman 
Dr.  Joseph  Vellozzi 


AFSWC 

AFSWC 

Ammann  fit  Whitney 
Ammann  k  Whitney 
Ammt  n  &  Whitney 


The  meeting  was  opened  with  a  short  summary  of  the 
work  being  performed  by  Ammann  It  Whitney  on  a  study  of 
shock  isolation  methods  for  hardened  civil  defense  shelters 
for  the  Office  of  the  Chief  of  Engineers.  The  shelters  being 
considered  are  shallow  -buried  structures  designed  for  a  20* 
MT  weapon  burst  and  for  overpressures  up  to  300  p.  s.t.  As 
part  of  the  study,  Ammann  It  Whitney  is  compiling  and  inves¬ 
tigating  sources  of  current  data  in  the  field  pertaining  to  shock 
tolerances  for  personnel  and  equipment  and  other  items, 
structure  (shelter)  response  to  the  free-field  ground  shock, 
and  current  me  thuds  and  techniques  used  for  shock  isolation  as 
well  as  shock -isolation  systems  previously  developed  for  har¬ 
dened  structures,  AFSWC  will  soon  publish  a  compreh*,'  >ve 
guide  for  the  design  of  shock  isolation  systems  in  underground 
protective  structures  which  represents  AFSWC  latest  informa¬ 
tion  on  the  subject.  Lt.  Merkle  mentioned  that  Ammann  ft 
Whitney  should  receive  a  copy  of  this  repot  by  the  end  of  the 
month  unless  there  are  delays  in  printing.  Shortly  after  this 
report  is  forwarded,  Lt.  Merkle  expects  to  be  in  New  York 
and  will  visit  Ammann  It  Whitney  for  further  discussion  of 
its  contents. 


With  regard  to  shock  tolerances  for  personnel,  Lt. 
Morkle  pointed  out  that  in  their  report  they  are  recommending 
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that  seated  and  well-restrained  personnel  be  isolated  to  1.  75  g.  * 

for  vertical  and  radial  motion  and  that  personnel  standing 

without  support  be  isolated  to  0.  75  g.  for  vertical  motion  and 

0.  50  g.  for  radial  motion.  AFSWC  performed  a  literature 

search  to  establish  these  values,  and  the  conclusions  are  * 

based  mainly  on  the  works  of  Eiband  and  Zeigenruecker  which  P 

Ammann  &  Whitney  also  reviewed.  The  results  of  this  search 

are  presented  in  the  abovementioned  AFSWC  report.  F.  L. 

Murfin  of  Space  Technology  Laboratories  and  J.  W.  Degan  and 
D.  W.  Williams  of  MITRE  have  also  performed  a  literature 
search  on  the  subject  of  personnel  shock  tolerances  relevant 
to  the  ground  shock  environments,  and  have  presented  some 
conclusions  and/or  recommendations.  AFSWC  furnished 
Ammann  it  Whitney  with  a  copy  of  some  of  this  data.  (Human 
Survivability:  Human  Tolerance  to  Ground  Shock  and  Low 
Frequency  Vibrations  in  Command  and  Control  Facilities 
(Task  139),  Technical  Memorandum  TM-3057,  The  Mitre 
Corporation,  24  April  1961. ) 

The  AFSWC  personnel  shock  tolerances  for  standing 
personnel  are  less  than  one  g.  and,  therefore,  impact  which 
would  result  from  the  separation  of  personnel  with  respect  to 
the  structure  floor  is  not  being  considered.  However,  Lt. 

Merkle  suggested  that  if  separation  is  to  be  permitted  in  the 
civil  delen**  shelters,  cushioning  material  on  the  structure 
floor  and  walls  and/or  protective  clothing,  helmets,  and  shoes 
should  be  provided.  For  seated  personnel,  seat  belts  should 
be  considered  to  protect  personnel  by  restraining  them  in 
their  seats.  In  this  regard  a  copy  of  a  congressional  Com¬ 
mittee  Report  on  Automobile  Seat  Belts  was  given  to  Ammann 
It  Whitney  (House  Report  No.  1275,  85th  Congress.  August 
1957).  Cornell  Aero  Laboratory  in  Buffalo,  New  York, 

(Mr.  John  O.  Moore  and  Mr.  Edward  R.  Dye)  is  also  per  - 
forming  studies  on  seat  belts. 

AFSWC  is  considering  shock  testing  c.  personnel  in 
connection  with  the  Minuteman  Weapon  System  using  a  six- 
degree -of -motion  simulator  available  at  Wright  Patterson  • 

Air  Force  Base.  The  feasibility  of  such  tests  will  be  dis¬ 
cussed  with  Capt.  N.  P.  Clark  of  Wright  Patterson  Air  Force 
Base.  Ammann  fc  Whitney  was  furnished  a  description  of  the 
motion  capabilities  of  the  simulator.  Col.  J.  P.  Strapp  of  ' 

Holloman  Air  Force  Base  may  also  be  consulted  by  AFSWC 
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to  discuss  personnel  shock  testing.  Seat-belt  tests  have 
been  conducted  at  Holloman  Air  Force  Base,  Aero  Medical 
Field  Laboratory. 

Bell  Telephone  Laboratories,  Whippany,  New  Jersey, 
(Mr.  Clinton  Schaeffer)  are  doing  work  on  shock  isolation  for 
the  Army  and  have  performed  personnel  shock  tolerance  tests 
for  their  own  use  (information  not  published).  These  tests 
were  designed  to  simulate  the  motions  of  an  isolation  platform 
in  an  underground  protective  structure  and  consisted  basically 
of  applying  a  motion  to  a  cantilever  beam  upon  which  subjects 
were  seated. 

With  regard  to  equipment  tolerances,  the  AFSWC  re¬ 
port  contains  a  summary  of  test  results.  The  AFSWC  report 
also  presents  various  velocity  pulse  shapes  for  different  sites. 
Also,  two  basic -type  velocity  pulse  curves  are  presented: 
one  for  the  high  frequency  and  one  for  the  low  frequency  por¬ 
tion  of  the  spectra,  respectively. 

A  plot  of  the  computed  vertical  response  of  the  Minute- 
man  equipment  platform  air -spring  suspension  system  was 
shown.  It  appeared  that  the  response  motions  quickly  damp 
out:  the  amplitude  during  the  second  cycle  is  small  compared 
to  the  peak  response.  In  this  regard  AFSWC  was  presently 
setting  up  a  shock-testing  device  which  will  be  capable  of 
testing  the  entire  suapended  platform.  JLt.  Merkle  felt  that, 
for  the  motions  being  considered  in  the  OCE  study,  it  would 
be  best  not  to  use  non-linear  springs. 
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SECTION  B-6 

MINUTES  OF  MEETING  BETWEEN 
THE  DEFENSE  ATOMIC  SUPPORT  AGENCY 
AND  AMMANN  b  WHITNEY 

Presented  below  are  the  minutes  of  a  meeting  held  at 
the  Defense  Atomic  Support  Agency,  Washington,  D.  C. ,  on 
January  21,  1963,  to  discuss  personnel  shock  effects  and 
shock  isolation  data  in  connection  with  this  study. 

Attendees  ai.  ilte  Meeting 

Colonel  Robert  H.  Holmes,  DASA,  Medical  Diu 
Surgeon 

Mr.  John  Lewis  DASA,  Blast  i>  Shock  Div. 

Major  Merrill  E.  Barnes  DASA,  Blast  b  Shock  Div. 

Mr.  Samuel  Weissman  Ammann  b  Whitney 

Dr.  Joseph  Vellozsi  Ammann  b  Whitney 

The  meeting  consisted  of  two  parts:  (1)  a  meeting  with 
Colonel  Holmes  to  discuss  personnel  shock  effects  and  (2)  a 
meeting  with  Mr.  Lewis  and  Major  Barnes  to  discuss  general 
shock  isolation  data. 

Meeting  with  Colonel  Holmes 

The  meeting  was  opened  with  an  explanation  of  the 
Office  of  the  Chief  of  Engineers  project  and  of  the  related  work 
being  performed  by  Ammann  b  Whitney  in  the  investigation  of 
Uteraturs  and  data  pertaining  to  shock  effects  on  personnel 
for  the  purpose  of  establishing  requisite  shock  toleranceb  ’>»d 
appropriate  protection  for  personnel  housed  in  a  hardened, 
•hallow -buried,  civil  defense  shelter  subjected  to  a  ground 
shock  environment  associated  with  a  20-MT  nuclear  weapon 
burst  for  overpressures  ranging  up  to  300  . .  i.  The  inten¬ 
sity  and  nature  of  the  expected  structure  motions  were  des¬ 
cribed.  It  was  explained  by  Ammann  b  Whitney  that,  based 
on  their  review  of  available  literature,  including  DASA  re¬ 
ports  prepared  by  the  Lovelace  Foundation,  preliminary 
shock  tolerances  for  personnel  subjected  to  the  ground  shock 
environment  have  been  established.  The  available  informa¬ 
tion  pertains  to  personnel  shock  effects  for  other  types  of 
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shock  environment  and  considerable  judgment  was  used  in  the 
application  of  the  data  for  the  ground  shock  environment. 

It  was  explained  that  Ammann  &  Whitney  had  a  very 
informative  meeting  with  Dr.  C,  S.  White  and  Mr.  I.  G.  Bowen 
at  the  Lovelace  Foundation  at  which  time  the  DASA  reports  as 
well  as  other  data  in  field  were  discussed.  The  recommended 
personnel  tolerances  for  ground  shock  as  based  on  this  avail¬ 
able  information  were  also  discussed  with  Dr.  White  who 
offered  very  pertinent  comments  regarding  the  anticipated  na¬ 
ture  of  possible  injuries  resulting  from  the  ground  shock  en¬ 
vironment.  Dr.  White  had  suggested  that  Ammann  &  Whitney 
discuss  personnel  effects  with  Colonel  Holmes. 

Colonel  Holmes  agreed  that  there  are  many  unknown 
factors  relative  to  ground  shock  effects  on  personnel  snd  that 
no  adequate  tests  have  been  performed  in  the  past  specifically 
for  the  ground  shock  environment.  Protection  of  personnel 
for  the  ground  shock  environment  could  best  be  provided  with 
protective  padding  either  by  padding  the  surfaces  of  impact 
within  the  structure  or  by  providing  personnel  with  protective 
clothing  -  helmets,  shoes,  etc.  In  addition,  sharp  corners 
which  may  be  struck  should  be  rounded.  Ensolite  (manufac¬ 
tured  by  U.  S.  Rubber)  has  been  found  to  be  an  effective  im¬ 
pact-absorbing  material  when  used  as  floor  covering,  such  as 
in  boxing  rings.  In  some  cases  it  is  necessary  to  bond  a 
low-density  Ensolite  layer  to  a  higher  density  sub-layer.  The 
U.  S.  Army  Quartermaster  Corps  at  Natick,  Massachusetts, 
(Attn:  Mr.  Eddie  Baron)  is  doing  research  on  plastic  protec¬ 
tive  devices.  Where  practical,  personnel  should  be  strapped 
down  to  minimise  secondary  impact  effects.  However,  con¬ 
sideration  must  be  given  tc  the  fact  that  seated  personnel  are 
susceptible  to  vertebrae  fracture. 

With  regard  to  personnel  shock  tests,  Mr.  Hirsch  of 
the  David  Tayloi  Model  Basin  has  conducted  shipboard  tests 
with  personnel. 

DASA  and  the  Lovelace  Foundation  will  be  conducting 
a  symposium  on  biological  blast  and  shock  effects  following 
the  32nd  Shock  Symposium  scheduled  for  this  coming  April. 
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Meeting  with  Mr.  Lewis  and  Major  Barnes 

The  meeting  was  opened  with  a  summary  of  the  scope 
of  work  being  performed  by  Ammann  &  Whitney  on  a  study 
of  shock  isolation  methods  for  hardened  civil  defense  shelters 
for  OCE.  The  shelters  being  considered  are  shallow -buried 
structures  designed  for  a  20-MT  weapon  siae  and  for  over¬ 
pressures  uo  to  300  p.  s.  i.  As  part  of  the  study  Ammann  & 
Whitney  is  investigating  and  compiling  sources  of  current  data 
in  the  field  pertaining  to  shock  tolerances  for  personnel  and 
equipment,  structure  (shelter)  response  to  the  free-field 
ground  shock,  and  current  methods  and  techniques  used  for 
shock  isolation  and  shock  isolation  systems  previously  devel¬ 
oped  for  hardened  structures.  Preliminary  recommendations 
for  basic  criteria  for  the  shock  isolation  study  have  been  es¬ 
tablished  on  the  basis  of  the  data  investigated. 

The  following  is  a  summary  of  comments  and  discus¬ 
sion  pertaining  to  problems  posed  by  Ammann  Sc  Whitney. 

1.  Prediction  of  free-field  ground  shock  spectra  us¬ 
ing  Or.  Ncwmark'a  procedure  is  considered  to  be  the  moat 
current  available  for  predicting  free-field  ground  motions  and 
spectra.  This  procedure  is  presented  in,  Protective  Construc¬ 
tion  Review  Guide,  Volume  I,  Office  of  the  Assistant  Secre¬ 
tary  of  Defense  (Installations  &  Logistics),  June  1961, 

2.  Shock  isolation  for  personnel  would  probably  be 
best  achieved  by  the  use  of  a  cushioning  or  frangible -type 
material.  For  example,  a  frangible  shock  isolating  concrote 
has  been  developed  at  Waterways  Experiment  Station,  Vicks¬ 
burg,  Mississippi.  This  concrete  Is  composed  cf  a  poly¬ 
urethane  foam  aggregate  which  is  inexpensive  and  can  be 
hardled  during  construction  as  conventional  concrete.  Var¬ 
ious  stress-strain  properties  can  be  achieved  by  varying  the 
foam  aggregate-to-cement  ratio.  This  co  ~rete  could  be 
used  as  a  footing  material,  for  example,  which  would  sup¬ 
port  the  normal  dead  plus  live  load  but  would  yield  plastically 
under  the  higher  ground  shock  dynamic  load.  The  material 
could  also  be  placed  under  the  basn  slab  to  absorb  energy 
transmitted  between  the  ground  and  the  slab.  Spun  metals 
also  have  been  experimented  with  and  show  promise  as  an 
energy -absorbing  material.  A  report  will  be  available  in 
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August  1963  (CRDL  Technical  Memorandum  21-10,  Edgewood 
Arsenal,  Maryland).  Padding  could  be  used  within  the  struc¬ 
ture  to  further  protect  personnel  from  possible  injuries  due  to 
impact  with  the  structure  floor,  walls,  or  adjacent  objects. 

An  arrangement  such  as  a  net  or  inflated  material  could  be 
placed  along  the  wall, 

3.  The  literature  presently  being  investigated  by 
Ammann  &  Whitney  generally  represents  the  current  know¬ 
ledge  in  the  field.  For  a  further  source  of  data  concerning  an 
actual  design  the  following  should  be  consulted: 

Design  for  a  Cast-in-PIace  Concrete  Shelter,  13  Dec¬ 
ember  1962,  U.  S.  Naval  Civil  Engineering  Laboratory. 
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SECTION  B-7 


MINUTES  OF  MEETING  BETWEEN 
THE  NAVAL,  RESEARCH  LABORATORY 
AND  AMMANN  &  WHITNEY 

Presented  below  are  the  minutes  of  a  meeting  held  at 
the  Naval  Research  Laboratory,  Washington,  D.  C. ,  on  Jan¬ 
uary  29,  1963,  to  discuss  shock  isolation  data. 

Attendees  at  the  Meeting 

Dr.  Irwin  Vigness  Naval  Research  Laboratory 

Mr.  Samuel  Weissman  Ammann  k  Whitney 

Dr.  Joseph  Vellozai  Ammann  k  Whitney 

The  meeting  was  opened  with  a  short  summary  of  the 
work  being  performed  by  Ammann  k  Whitney  01  a  study  of 
shock  isolation  methods  for  hardened  civil  defense  shelters  for 
the  Office  of  Chief  of  Engineers.  The  shelters  being  consid¬ 
ered  are  shallow -buried  structures  designed  for  a  20-MT  wea¬ 
pon  burst  and  for  overpressures  up  to  300  p.  s.  i.  As  part  of 
the  study,  Ammann  b  Whitney  is  investigating  and  compiling 
sources  of  current  data  in  the  field  pertaining  to  shock  toler¬ 
ances  for  personnel  and  equipment  and  other  items,  structure 
(shelter)  response  to  the  free  field  ground  shock,  and  current 
methods  and  techniques  usod  for  shock  isolation  and  shock  iso¬ 
lation  systems  previously  developed  for  hardened  structures. 
Based  on  this  data  preliminary  recommendations  for  basic 
criteria  foi  the  shock  isolation  study  have  been  established. 

During  the  meeting  Dr.  Vigness  took  the  Am  mam.  > 
Whitney  representatives  on  an  interesting  tour  of  the  NRl> 
shock  testing  equipment.  The  mediumweight  high-impact 
machine  was  demonstrated. 

The  following  is  a  summary  of  comments  and  discus¬ 
sion*  pertaining  to  the  items  posed  by  Ammann  b  Whitney. 

1.  With  regard  to  personnel  ground  shock  effects, 
the  high  accelerations  associated  with  the  high-frequency 
raege  of  the  spectra  would  not  be  critical  as  a  direct  effect 
since  personnel  wilt  not  respond  to  these  high-frequency  com- 
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ponents.  Consideration  of  a  sudden  velocity  change  would  be 
more  appropriate  for  evaluating  the  effects  on  personnel.  Naval 
shipboard  data  have  indicated  tolerances  for  impact  velocities 
up  to  approximately  10  ft.  /sec.  for  particular  body  postures 
and  areas  of  impact.  If  a  person  is  standing  with  his  legs 
straight  and  heels  against  the  floor,  the  person's  feet  may  be 
injured. 


Personnel  are  believed  to  be  sufficiently  rugged  to 
survive  anticipated  motions  without  appreciable  injury.  How¬ 
ever,  personnel  should  be  either  strapped  into  chairs,  pro¬ 
vided  with  hand  holds,  or  adjacent  objects  with  which  person¬ 
nel  could  collide  should  be  cushioned.  In  general,  it  is  ad¬ 
visable  to  provide  cushioning  material  to  pad  all  hard  poten¬ 
tial  impact  surfaces  to  provide  the  most  reliable  protection. 
Loose  items,  such  as  furniture,  etc. ,  should  be  attached  to 
the  structure. 

Ammann  b  Whitney's  future  meeting  with  Dr.  Goldman 
(Naval  Medical  Research  Institute)  should  be  of  particular 
value  with  regard  to  personnel  data  since  Dr.  Goldman  is  an 
outstanding  authority  on  biological  shock  and  vibration  ef¬ 
fects. 


2.  With  regard  to  equipment  shock  tolsrances,  most 
equipment  can  sustain  a  peak  acceleration  greater  than  3  g. , 
although  a  sustained  vibration  of  plus  and  minus  3  g.  could 
cause  damage  depending  upon  the  frequency  of  the  motion  as 
compared  to  the  equipment  frequenciee.  However,  In  isolat¬ 
ing  equipment  down  to  tolerable  acceleration  reeponee  values, 
low-frequency  systems  (in  the  order  of  5  c.  p.  s.  which  ie 
generally  lower  than  equipment  frequencies)  are  achieved  tV 
resonance  should  not  be  a  problem.  In  general,  the  deter¬ 
mination  of  an  sppropriata  shock  tolerance  for  equipment  re¬ 
quires  individual  consideration  by  analyst*  or  shock  test*. 

3.  In  reference  to  shock  testing  of  shipment  for 

naval  ships,  a  test  specification  for  impact  or  vibration  test* 
on  particular  shock  testing  machines  has  been  established. 
Although  these  tests  do  not  necessarily  duplicate  actual  ship- 
hoard  motions,  they  have  an  equivalent  damage  potential  for 
the  intensity  of  shipboard  eh"***  that  the  equipment 

must  sustain.  In  some  rases,  the  equipment  must  he  rugged - 
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ized  or  shock  mounted  to  withstand  the  teat  without  damage. 
For  effective  tests,  it  is  advisable  that  the  test  procedure  be 
established  on  the  basis  of  the  particular  test  machine.  For 
certain  cases,  it  may  be  necessary  to  design  special  test 
equipment  to  achieve  the  desired  input.  It  may  be  possible  to 
utilise  the  Navy  high 'impact  machines  to  attain  the  same  peak 
response  that  the  equipment  would  experience  according  to  the 
shock  spectra.  No  two  shock  motions  expected  for  the  actual 
ground  shock  environment  are  alike.  It  is  desirable  to  have  a 
shock  test  possess  the  damage  potential  of  any  probable  shock. 
This  can  best  be  accomplished  by  smoothing  the  shock  spectra 
curves  so  as  to  obtain  maximum  responses  that  are  expected 
from  field  excitations.  The  smoothed  spectra  can  usually  be 
obtained  from  a  single  acceleration  pulse  of  sawtooth  or  half- 
sine  shape.  Thess  pulses  can  be  easily  generated  and  their 
magnitudes  and  durations  adjusted  to  provide  a  suitable  shock 
spectrum. 

4.  The  residual  effect  is  the  sustained  vibration  at 
times  greater  than  the  duration  of  the  input  motion.  Dr. 
Vigness  illustrates  this  affect  in  terms  of  a  residual  spectra 
which  is  a  plot  of  the  peak  response  versus  frequency  for 
times  greater  than  the  input  duration.  It  is  recommended 
that  As  residual  spectra  as  well  as  the  conventional  (primary) 
spectra  be  specified.  The  residual  spectra  would  be  helpful 
for  evaluating  appropriate  requirements  for  damping  out  the 
sustained  vibrations.  Dr.  Vigness  is  presently  developing 
residual  spectra  data  (not  published  at  present).  This  data 
indicates  that  the  residual  spectra  responses  are  close  to  the 
primary  spectra  responses  in  the  low-frequency  range  and 
tend  to  be  less  than  the  primary  spectra  in  the  high-frequency 
range. 

5.  With  regard  to  shock  isolation  systems,  the  Air 
Force  is  currently  considering  the  use  of  air  springs.  For 
civil  defense  shelters  a  fiberglass  type  mater  1  used  as  a 
subfloor  may  be  effective  in  absorbing  input  energy.  It  is  ad¬ 
vantageous  to  Isolate  equipment  on  a  separate  shock-mounted 
platform.  Other  springs  which  can  be  used  are  cantilever, 
torsion,  and  coil  springs. 

6.  The  following  sources  of  information  were  pointed 
out  to  supplement  the  reports  already  reviewed  by  Amman*  h 
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Whitney: 

Navy  High-Impact  Machines  for  Lightweight  and  Med- 
iumweight  Equipment,  L  Vigneaa,  U.  S.  Naval  Re¬ 
search  Laboratory.  Washington.  D.  C. .  June  1.  1961. 

Handbook  of  Environmental  Engineering,  E.  C.  Theias 
et  al,  Technical  Report  TR. 61  363,  AFS  Command, 
USAF,  Wright  Patterson  Air  Force  Base,  Ohio,  Con¬ 
tract  No.  AF  33(616)  62S2.1961 . 

Contact  C.  J.  Wesson,  Director  of  National  Academy 
of  Sciences,  Environmental  Research  Council 
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SECTION  B-8 


MINUTES  OF  MEETING  BETWEEN 
THE  NAVAL  MEDICAL  RESEARCH  INSTITUTE 
AND  AMMANN  fc  WHITNEY 

Freservied  below  are  the  minutes  of  a  meeting  held  at 
the  Naval  Medical  Research  Institute,  National  Naval  Medi¬ 
cal  Center,  Bethesda,  Maryland,  on  February  5,  1963,  to 
discuss  personnel  shock  effects  in  connection  with  this 
study. 

Attendees  at  the  Meeting 

Cdr.  David  E.  Goldman  Naval  Medical  Research 

Institute 

Mr.  Samuel  Weissman  Ammann  4i  Whitney 

Dr.  Joseph  Vellorsi  Ammann  &  Whitney 

The  meeting  was  opened  with  an  explanation  of  the 
Office  of  the  Chief  of  Engineers  project  and  of  the  related  work 
be*ng  performed  by  Ammann  b  Whitney  in  the  investigation  of 
literature  and  data  pertaining  to  shock  effects  on  personnel 
for  the  purpose  of  establishing  requisite  shock  tolerances  and 
appropriate  protection  for  personnel  housed  in  a  hardened, 
shallow -buried,  civil  defense  shelter  subjected  to  a  ground 
shock  environment  associated  will,  a  20-MT  nuclear  weapon 
burst  for  overpressures  ranging  up  to  300  p.  s.  ..  The  inten¬ 
sity  and  nature  of  the  expected  structure  motions  were  des¬ 
cribed  and  it  was  pointed  out  that,  ic  most  cases,  the  person¬ 
nel  in  the  shelters  would  be  in  random  positions  -  standing, 
sitting,  reclined  -  and  in  fewer  cases  personnel  may  b* 
strapped  down  in  choirs,  beds,  etc.,  or  be  provided  u ith 
other  means  of  bracing  themselves. 

It  was  explained  by  Ammann  b  V'Stney  that,  based 
on  their  review  of  available  literature,  it  appears  thst  many 
unknown  factors  oxist  with  regard  to  ground  shock  effects 
on  personnel,  although  data  are  available  pertaining  to  per¬ 
sonnel  shock  efiects  tor  other  typee  ot  shock  environment*. 
The  recommended  paper  by  Drs.  Goldman  and  von  Geirke, 
"Effects  of  Shock  and  Vibration  on  Man",  was  studied  and 
based  on  thio  paper  and  other  publications  reviewed,  Amminn 
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L  Whitney  established  preliminary  shock  tolerances  for  per¬ 
sonnel.  Considerable  judgment  was  used  in  the  application  of 
the  data  for  the  ground  shock  environment.  It  was  agreed  that 
no  known  personnel  shock  data  tests  have  been  conducted 
specifically  for  the  ground  shock  problem  although  this  type 
of  testing  is  presently  being  considered  by  other  agencies. 

The  fallowing  is  a  summary  of  comments  and  d.scua- 
sion  pertaining  to  the  problems  posed  by  Ammauu  &  Whitney: 

1.  The  range  of  magnitude  of  the  preliminary  toler¬ 
ances  established  by  Ammann  &  Whitney  are  reasonable  for 
the  ground  shock  environment  as  based  on  available  informa¬ 
tion.  It  was  recommended  that  some  of  the  values  for  vibra¬ 
tion  tolerances  be  modified  as  follows:  For  10  to  15  c.  p.  s. 
use  5  g.  instead  of  3-7  g;  for  15  to  idO  c.  p.  a.  use  5  g.  in¬ 
stead  cf  7  g;  for  20  to  50  c.  p.  s.  use  7  g.  instead  of  5  g. 

Although  the  vibration  tolerances  are  based  on  test 
data  for  longer  duration  exposures  than  ground  shock  dura¬ 
tions,  tolerances  for  shorter  durations  may  not  necessarily 
be  significantly  higher,  and  there  is  no  justification  for  in¬ 
creasing  the  recommended  values  unless  appropriate  test  data 
indicates  otherwise.  In  addition,  thu  available  vibration  test 
data  for  seated  personnel  are  for  personnel  tested  in  special 
piotective  seats. 

The  recommended  impact  tolerance  values  of  8  to 
10  It.  /see.  impact  velocity  with  a  hard  flat  surface  should 
generally  be  safe.  If  the  body  is  in  a  flexible  position  or  if 
the  area  of  impact  it  targe,  higher  impact  velocities  could  be 
tolerated.  Impact  with  sharp  corners  should  be  avoided.  A 
possible  danger  is  falling  over  backwards  and  striking  the  t-ok 
of  the  heed  in  which  case  injury  may  result  even  if  there  were 
no  s.ructure  motions,  although  it  is  to  be  noted  that  in  most 
cases  the  fail  r.ay  be  cushioned  by  striking  with  the  back  or 
arms  first.  To  provide  protection  against  lots  type  of  head 
injury,  padding  is  advisable.  Padding  is  aiso  required  on 
sharp  corners. 

2.  With  regard  to  personnel  shock  tests  for  the 
ground  shock  environment,  such  tests  would  be  necessary  to 
establish  more  accurate  tolerance*.  However,  it  nm-ntd  be 
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noted  that  the  reliability  of  personnel  test  data  may  be  lim¬ 
ited  to  the  particular  age  range  and  physical  condition  of  the 
persons  tested.  In  addition,  personnel  may  be  sensitive  to 
the  actual  motions  which  may  be  difficult  to  simulate  for  the 
complex  ground  shock  environment.  Moreover,  since  it  is 
extremely  undesirable  that  volunteers  be  injured,  the  toler¬ 
ance  values  will  tend  to  be  conservative  and  will  also  vary 
depending  upon  subjective  responses.  Further  information 
concerning  naval  shipboard  shock  tests  can  be  obtained  from 
Mr.  Hirsch,  David  Taylor  Model  Basin. 

3.  With  regard  to  additional  reference  material,  the 
reports  reviewed  by  Ammann  &  Whitney  represent,  in  gen¬ 
eral,  the  current  knowledge  in  the  field  in  that  further  inves¬ 
tigation  of  more  detailed  reports  would  probably  not  afford 
additional  information  leading  to  recommendation  of  more 
reliable  shock  tolerance  criteria  for  the  ground  shock  envir¬ 
onment.  However,  for  further  discussion  of  personnel  ef¬ 
fects,  consultation  with  Dr.  von  Ceirke  at  the  Wright  Pat¬ 
terson  Aero-Space  Medical  Laboratory  would  be  of  particular 
interest.  Other  suggested  sources  of  information  are: 

Federal  Aviation  Agency,  Norman,  Oklahoma 

Wayne  University,  Attn:  Mr.  Lissner 
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APPENDIX  C 


EQUATIONS  FOR  CALCULATING  FREE -FIELD 
AIR -INDUCED  GROUND  MOTIONS 

The  following  are  the  equations  for  calculating  free-field 
air -induced  ground  motions  as  presented  in  Reference  2.  6. 


C-l  Notation 


a  -  maximum  vertical  transient  acceleration,  in 
gravities. 


c  *  seismic  velocity  of  soil  in  vertical  direction,  ir, 
ft.  per  sec. 

de  -  maximum  elastic  component  of  ve*  tical  trans¬ 
ient  displacement,  in  in. ;  for  a  triangular  pres¬ 
sure-time  pulse  d#  s  hpso/2E. 

dp  *  permanent  vertical  displacement  after  blast, 
in  in. 


E  «  Young's  modulus  of  elasticity,  in  p.  s.  i.  For 
plane  waves  E  is  given  by 


b 


where  p  is  the  mass  density  of  the  soil,  (i  in 
Poisson's  ratio,  and  c  is  the  seismic  velocity  as 
defined  above.  For  values  of  p  ot  0.  25  or  iess, 
the  relationship  is  approximately  E  *  pc  and 
for  soil  with  a  density  of  about  115  lb.  per  cu. 
ft.  an  approximate  velue  of  E  is 

E  •  LroV 


depth  to  which  shock  extend*  in  time  t|,  in  ft. ; 


1/J 
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JL 


quantity  in  units  of  ft.  ,  a  function  of  overpres¬ 
sure  and  duration,  used  in  pressure  and  veloc¬ 
ity  attenuation  relationship. 


pgo  =  peak  overpressure  in  shock  wave,  in  p.  s.  i. 


effective  duration  of  shock,  corresponding  to  a 
triangular  pressure  pulse  having  the  same  im¬ 
pulse  as  the  actual  shock,  in  sec. 


t.  =  0.40  sec, 

i 


1/3 


effective  velocity  pulse  rise  time,  in  sec.; 
field  observations  indicate  that 


tail 

r  2  c 


for  a  homogeneous  medium. 

v  *  maximum  vertical  transient  velocity,  in  ft. 
per  sec, 

W  *  yield  of  weapon,  in  Megatons, 
y  »  depth  below  surface  to  point  considered,  in  ft. 
o  -  attenuation  factor  for  velocity  or  street. 


Subscripts:  denotes  the  surface  and  “y“  denote.  ^ 

distance  y  tvlow  the  eurface. 


C-2  Kree-Ftald  Air-Induced  Eav 
Motions  at  Surface 

C-2.  I  Maximum  Transient  Vertical  Displacemsnt  at  Surface 

The  elastic  component  of  the  maximum  traneient  verti¬ 
cal  displacement  ui  a  homogeneous  material  may  be  taken  at 
follows: 
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10  in. 


(C-l) 


d 


se 


The  permanent  vertical  displacement  depends  on  the 
overpressure  and  on  the  plastic  properties  of  the  soil  in  the 
upper  SO  to  100  ft.  It  is  often  of  negligible  magnitude  for 
overpressures  less  than  100  p.  s.  i. ,  but  for  soft  and  weak  soils 
it  can  be  as  much  ar  5  or  6  in.  at  the  surface,  even  at  an 
overpressure  as  lew  as  100  p.  s.  i.  If  static  stress-strain 
curves  for  the  soil  are  not  available  from  which  to  estimate 
the  permanent  displacement,  it  is  suggested  that  it  be  taken  as 
follows: 

2 

d.p  =  in.  j~1000  fpsj  (C-2) 

In  this  equation,  c  is  the  seismic  velocity  near  ine  surface. 
When  the  equation  is  used,  a  cut-off  in  permanent  displace¬ 
ment  occurs  at  40  p.  s.  i.  Available  evidence  indicates  that 
permanent  displacements  generally  are  of  a  negligible  magni¬ 
tude  at  pressures  below  40  p.  «.  1. ;  accordingly  it  is  recom¬ 
mended  generally  that  d,_  be  taken  as  ssro  for  pressures  less 
than  40  p.  s.  i.  In  exceptional  cases  there  may  be  reason  to 
estimate  the  permanent  displacement  for  lower  pressures  from 
known  stress-strain  properties  when  the  soil  properties  arc 
available. 


The  maximum  transient  elastic  vertical  displacement 
In  a  layered  or  in  a  non-homogeneous  system  can  he  different 
from  Cq.  (C-l).  For  a  rigid  layer  near  the  surface,  but  at  a 
depth  greater  than  h.  there  can  be  a  complete  reflection  which 
at  must  could  double  the  value  of  dgg  arising  from  the  near  sur¬ 
face  strains.  For  a  system  with  variable  properties,  or  lay¬ 
ers,  the  valut  should  be  computed  for  eovsral  petitions  of  the 
shock,  taking  account  of  the  values  of  c  for  each  layer,  and 
adding  up  the  instantaneous  values  of  strain  so  determined. 

C-2.  2  Maximum  Transient  Vertical  Velocity  at  Surface 

The  maximum  transient  vertical  velocity  can  be  take  \ 
as: 


C-l 


vs  =  ePso/E 


* 


whence 

V>  *  4-°  ,ps  [wfjr]  [looojEi]  (C-3) 

C-2.  3  Maximum  Transient  Vertical  Acceleration 


This  is  computed  by  assuming  a  rise  time  for  the  max¬ 
imum  velocity  (or  maximum  pressure)  of  about  0.001  sec., 
from  which  if  follows  that 


=  150  g 


so 


Tuupsi 


.  1000  fps 

t  - 


(C-4) 


In  the  last  two  equations,  one  must  use  the  surface  seismic 
velocity.  However,  the  maximum  acceleration  is  not  neces¬ 
sarily  related  to  the  maximum  velocity,  but  may  be  larger 
than  the  value  computed  from  Eq.  (C-4).  Therefore,  it  is 
recommended  that  even  for  high  seismic  velocities,  a  value 
of  c  no  greater  than  2000  ft.  per  sec.  be  used. 


C-2.  4  Free  -field  Horiaontal  Effects  at  Surface 


For  horiaontal  surface  effects,  take  the  maximum  dis¬ 
placement  as  1/3  the  vertical,  th»*  maximum  velocity  ss  2/3 
the  vertical,  and  the  maximum  acceleration  equal  to  the 
vertical. 


C-3  Froc-Ftcld  Effects  at  Depth 

The  displacement,  velocity,  end  acceleration  are  at¬ 
tenuated  with  depth.  Although  experimental  _«ta  are  scarce, 
the  following  basis  seems  reasonable  for  computing  the  effects 
at  a  depth  y. 

C*3,  1  Vertical  Displacement  at  Depth  y 

The  difference  in  displacement  between  the  surface 
an*  the  depth  y  cannot  exceed  the  turn  of  the  maximum  strains 


C-4 


between  these  points,  and  can  be  considerably  less  than  this. 
Between  the  surface  and  a.  depth  of  100  ft. ,  the  maximum  pos 
sible  elastic  strain,  assuming  no  attenuation  of  pressure, 
gives  an  upper  limit  to  the  elastic  component  of  the  differen¬ 
tial  displacement,  of  magnitude 


4.  8  in.  f  PSO 

1000  fpsl 

(C-5) 

100  psi 

L”^~J 

The  actual  difference  in  deflection  may  be  taken  as  one-half 
this  value,  which  is  considered  to  he  a  more  reasonable  value 
and  considered  to  vary  linearly  with  depth  down  to  100  ft. 

The  permanent  vertical  displacement  attenuates  rapidly,  and 
can  be  assumed  to  vary  linearly  from  the  surface  value,  given 
by  Eq.  (C-2),  to  zero  at  a  depth  of  100  ft. 

C-3.  2  Vertical  Velocity  at  Depth  y 

The  vertical  velocity  at  depth  y  is  attenuated  roughly 
in  the  same  way  as  the  maximum  stress,  or 


vy  flve 


(C-6) 


where 


a  - 


1 


l  +  y/L 


L  • 


Vs  O 

Roo  psil 

w  1 

l>°  J 

rirr 

0.  1 

RoO  psi  1 

yl 

L  J 

[TOT] 

so 


—  500  psi 


1/3 


for  p  :£  *00  psi 

so 


C-3.  3  Vertical  Acceleration  at  Depth  y 


The  time  of  rise  of  the  maximum  velocity  from  an  in¬ 
itial  aero  value  o.  velocity  can  be  taken  ae  one -half  the 
tranalt  time  ot  the  shock  wave  from  the  surface  to  the  depth 
considered.  However,  the  maximum  acceleration  cen  he  con¬ 
sidered  to  be  tv  in*  the  value  obtained  from  the  assumption 
that  the  maximum  •eioclty  is  obtained  linearly.  This  lead*  tc 
the  relation: 
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1 

32  ft/sec 


(C-7) 


a 

y 


2g 


*y 


The  rise  time  of  the  peak  velocity  should  not  be  taken 
as  less  than  0.  001  sec.  This  procedure  gives  less  attenua¬ 
tion  of  acceleration  in  rock  than  in  soft  soil,  which  is  rea¬ 
sonable.  If  no  attenuation  of  velocity  or  pressure  with  depth 
is  assumed,  the  use  of  Eq.  (C-3)  and  (C-7)  gives  the  following 
result: 


PSO  100  ft. 

(C-8) 

100  psi  y 

C-3.  4  Horizontal  Motions  at  Depth  y 

The  ratios  of  peak  horizontal  to  peak  vertical  dis¬ 
placements,  velocities,  and  accelerations  at  depth  y  are  to  be 
taken  as  1/3,  2/3,  and  1,  respectively. 
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APPENDIX  D 


PROCEDURE  FOR  CALCULATING  SYNTHESIZED 
GROUND  MOTION  VERSUS  TIME 


The  following  is  the  procedure  for  calculating  a  synthe¬ 
sized  ground  motion  versus  time  as  presented  in  Reference 


3.  14. 


In  many  cases  free-field  ground  shock  spectra  cannot 
be  used  directly  for  the  analysis  of  a  structure  and  its  contents. 
However,  a  synthesized  ground  motion  curve  consistent  with 
the  spectra  is  useful.  Such  ground  motions  have  been  synthe¬ 
sized  by  approximating  the  ground  motion  as  a  single  velocity 
or  displacement  pulse.  Figure  D-l  shows  a  typical  velocity 
and  displacement  pulse.  This  pulse  was  derived  from  a  partic¬ 
ular  shock  spectra  curve,  and  when  applied  t*  a  series  of  sin¬ 
gle -degree -of-freedom  oscillators  would  approximately  result 
in  the  peak  response  of  the  spectra.  The  velocity  pulse  is  de¬ 
rived  from  a  given  response  spectra  curve  by  the  following  re¬ 
lationships  and  the  displacement  pulse  is  determined  by  inte¬ 
grating  the  velocity  pulse. 

A  velocity  pulse  of  the  following  form  has  been  found  to 
agree  with  spectra  within  reasonable  limits: 

v  =  vote]-1*  -v^J  *at/T  (D-l) 

where 

v  -  the  vetocitv  of  the  support  as  a  function  c.  tune 
(inches  per  second) 

*  peak  velocity  input  (constant  for  a  particular 
spectra  curve)  (inches  per  second) 

t  '  time  (seconds) 

T  *  parameter  in  units  of  time  (eeconds)  (constant  for 
a  particular  spectra  curve) 


Q  -  dimensionless  parameter  (cor-tah:  'jr  a  par¬ 
ticular  spectra  curve) 

e  -  base  of  natural  logarithms 

The  parameters  v  ,  r  and  d  are  a  function  cf  the 
shape  of  the  spectra  curve  (for  example,  dashed  line  of  .Figure 
?-2).  vQ  and  r  are  essentially  dependent  upon  the  ’ow  fre¬ 
quency  range  of  the  spectra  and  primarily  describe  the  peak 
velocity  and  decay  of  the  velocity  pulse.  O  is  dependent 
u^uii  the  high  frequency  range  of  the  spectra  and  primarily  af¬ 
fects  the  rise  time  to  the  riux  velocity  of  the  velocity  pulse. 
First  trial  values  feu  vQ  and  T  are  obtained  by  neglecting  the 
second  term  r.f  Kqnati-xi  D-l  and  substituting  the  displacement 
response  values  for  two  points  from  the  given  spectra  in  the 
following  equations: 


T  T 


where 

U|  *  displacement  response  (inchea)  for  frequency  Wj 

Uj,  *  displacement  response  (inches)  for  frequenev  ai^ 

tt  *  undamped  natural  circular  frequency  (radians 
per  second) 

Since  Equations  D-2  and  D-J  are  baeeu  on  the  tow  fre¬ 
quency  range  of  the  spectra,  it  is  necessary  to  select  the  two 
points  at  frequencies  below  the  frequency  at  which  the  peak  ac¬ 
celeration  response  of  the  spectra  occurs,  a  point  in  the  very 
low  frequency  range  of  the  spectra  curve  and  another  at  a 
higher  frequency  depending  on  the  particular  spectra  shape. 


D-2 


Once  T  and  vq  have  been  estimated,  a  is  then 
computed.  a  is  a  function  of  the  rise  time  as  follows: 


Where  tr  is  the  rise  time.  In  most  cases  the  rise 
time  wil'  not  l»e  accurately  known  ana  the  following  expres¬ 
sion  can  be  used: 

A 

a  —  +  1  (D-5) 

O 

Where  is  the  peak  acceleration  for  a  particular 
spectra  curve 

It  is  necessary  to  check  several  points  on  the  spectra 
since  the  shape  of  particular  spectra  may  not  exactly  corres¬ 
pond  to  the  velocity  pulse  at  every  frequency.  This  may  be 
done  by  substituting  values  of  the  natural  circular  frequency 
in  Equation  D-b  below  at  various  points  throughout  the  spectra 
with  the  previously  determined  values  of  v  ,  r  ,  and  a  , 
and  comparing  the  displacement  u  so  determined  with  the 
given  spectra.  In  general,  the  two  spectra  will  not  exactly 
coincide  at  every  frequency  and  it  may  be  necessary  to  ad¬ 
just  v  and/or  T  .  taking  into  account  the  corresponding 
change  in  a  .  in  order  to  obtain  a  velocity  pulse  resulting 
in  responses  approximately  consistent  with  the  entire  spec¬ 
trum  curve,  in  some  cases  it  may  be  necessary  to  >•»«  a 
velocity  pulse  which  results  in  conservative  rseponses  at 
certain  frequencies  in  ordsr  that  other  frequency  responses 
art  not  too  low  compared  to  the  given  spectr*  curve. 

u 


where  is  the  displacement  response  for  a  particular  fre¬ 
quency  M  from  the  response  spectra. 

When  deriving  a  velocity  pulse  from  design  spectra 
of  the  envelope  type  shown  in  the  solid  line  of  Figure  2-2.  the 
general  velocity  pulse  principles  are  still  valid,  altlwugh  it 
ia  not  necessary  that  the  velocity  pulse  correspond  (o  the 


\Ji  i  +  r  2  s»2>  {«*♦  r 1  m2) 


(D-b) 


response  at  all  frequencies.  In  fact,  for  this  type  of  spectra 
the  velocity  pulse  cannot  conform  at  all  frequencies  since  the 
spectrum  does  not  conform  to  the  response  variation  consis- 
tent  with  vibration  theory  in  that  responses  are  constant 
over  a  range  of  frequencies.  However,  this  spectra  repre¬ 
sents  conservative  values  in  certain  frequency  ranges  and  cor¬ 
rect  values  at  the  end  points  and  the  intermediate  point  on  the 
spectrum  With  the  spectra  properties  in  mind,  a  rational 
velocity  pulse  can  be  derived  by  matching  points  which  are 
known  to  be  the  controlling  response  of  the  design  spectra  and 
permitting  particular  frequency  responses  resulting  from  the 
velocity  pulse  to  be  lower  than  the  envelope  in  accordance 
with  the  actual  variation  for  a  true  spectra  curve. 

When  calculating  the  first  trial  values  u»  vQ  and  T 
it  is  best  to  choose  the  following  two  points  on  the  spectra. 

(1)  The  peak  displacement  response  at  the  left  aide  (very  low 
frequency  range)  of  the  epectra.  end  (2)  the  iowee*  frequency 
at  which  the  peak  acceleration  occur*.  After  vQ  and  X  are 
estimated,  a  in  computed  >*id  it  is  again  necessary  to 
check  various  points  on  the  epectra  and  adjust  the  parameters, 
if  neteeeary,  in  accordance  with  -he  above  discussion. 
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Fig.  15-1  TYPICAL  VELOCITY  AND  DISPLACEMENT  PULSE 
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Notches  Ave.  ,  Niles  48,  Illinois  1 

Hudson  Institute,  Quaker  Ridge  Rd. ,  Harmon-on* 

Hudson,  New  York  1 

Naval  Radiological  Delsnse  Laboratory,  San  Francisco, 
California  1 

Pennsylvania  State  University,  133  Hammond  Raiding, 
University  Park,  Pennsylvania  < 

Guy  l,  Panern,  630  Third  Ave. ,  New  York  17. 

New  York  1 

Mr.  Marc  Peter,  Jr.,  E.H.  Piesset  Associates,  Ihc. , 

2444  Wiishire  Boulevard,  Santa  Monica,  California  1 

Stanford  Research  Institute,  Menlo  Park,  California  1 

Technical  Operations,  Inc.,  Burlington,  Massachu¬ 
setts  I 
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The  Rand  Corporation,  1700  Main  St. ,  Attention: 

Mr.  Harold  Brode,  Santa  Monica,  California  1 

Mr.  Charles  F.  Coffin,  Planning  Officer,  Technical 
Analysis  Division,  Office  of  Emergency  Planning, 

Executive  Office  of  the  President,  Washington  25, 

D.  C.  1 


Director,  U.  S.  Army  Engineer  Waterways  Experi¬ 
ment  Station,  P.  O.  Box  631,  Vicksburg,  Mississippi 


Attention:  Nuclear  Weapons  Effects  Branch  1 

Attention:  Library  1 

Dr,  N.  M.  Newmark,  111  Talbot  Laboratory,  Uni¬ 
versity  of  Illinois,  Urbane,  Illinois  2 

Protective  Structures  Development  Center,  Attention: 
Technical  Library,  Fort  Belvoir,  Virginia  1 

Director,  Air  Force  Nuclear  Engineering  Facility, 

Air  Force  Institute  of  Technology,  Wright-Patterson 

Air  Force  Base,  Dayton,  Ohio  1 

United  Research  Services,  1811  Trousdale  Drive, 
Burlingame,  California,  Attention:  Mr.  Carl  K. 

Wtehle  1 

Headquarters,  U.  S.  Air  Force,  Office  of  Operations 
Analysis  (AFOOA),  Attention;  B.  Kornhauser, 

.'Pentagon,  Washington.  D.  C.  1 

DIAAP-1K2A,  Building  8,  Arlington  Ha  Washing¬ 
ton,  D,  C. ,  Attention:  Mr.  Charles  Walker  1 

Praeger-Kavanagh-Waterbury,  126  East  38th  St., 

New  York  16,  New  York,  Attention:  Mr.  Noonan  1 
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